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SUMMARY 


This  workbook  is  intended  to  provide  the  designer  and  the  safety 
engineer  with  the  best  available  technology  that  they  need  to  predict  damage 
and  hazards  from  explosions  of  propellant  tanks  and  bursts  of  pressure 
vessels,  both  near  and  far  from  these  explosion  sources.  The  information 
is  presented  in  the  form  of  graphs,  tables,  and  nomographs  to  allow  easy 
calculation  without  recourse  to  difficult  mathematical  manipulation  or  the 
use  of  extensive  computer  programs.  When  complex  methods  have  been 
used  to  develop  simple  prediction  aids,  they  are  fully  described  in  appen¬ 
dices. 

Topics  covered  in  various  chapters  are: 

(1)  Estimation  of  explosive  yield 

(2)  Characteristics  of  pres  sure  waves 

(3)  Effects  of  pressure  waves 

(4)  Characteristics  of  fragments 

(5)  Effects  of  fragments 

(6)  Risk  assessment  and  integrated  effects. 

Short  chapters  giving  discussion  of  results,  conclusions,  and  recommenda¬ 
tions  for  further  work  are  also  included. 


1  I 


INTRODUCTION 


Nature  of  the  Hazards 

The  likelihood  of  accidental  explosions,  in  the  various  activities 
that  involve  liquid  propellants  for  space  vehicles,  can  best  be  decreased 
by  improvements  in  design  practices  and  operating  procedures.  Over  the 
years,  the  frequency  of  occurrence  of  accidental  explosions  in  the  space 
programs  has  decreased  with  advances  in  technology.  Nevertheless,  the 
possibility  of  space  vehicle  fuel/oxidizer  explosions  or  pressure  bursts 
will  always  exist,  especially  with  reusable  propulsion  systems  that  must 
be  more  reliable  compared  with  those  in  the  "one-shot"  space  vehicle. 
Excessive  cyclic  stresses,  wear  of  moving  parts  and  the  accumulation  of 
contaminants  are  some  of  the  factors  that  could  contribute  to  component 
malfunctions  or  material  failures  during  the  lifetime  use  of  such  systems. 
These  malfunctions  or  failures  could,  in  turn,  contribute  to  accidental 
explosions  with  risk  of  damage  to  facilities  and  hazards  to  people.  Thus, 
it  becomes  important  to  predict  the  explosive  yield  and  the  effects  of 
pressure  wave  and  fragments  in  a  quantitative  manner. 

It  is  the  intent  here  to  provide  the  designer  and  the  safety  engi¬ 
neer  with  the  best  available  technology  that  they  need  to  predict  damage 
and  hazards  from  explosions  of  propellant  tanks  and  hursts  of  pressure 
vessels  in  the  near  and  far  fields  of  interest. 

In  a  launch  configuration  within  tankage  in  a  rocket  motor,  liquid 
propellants  and  nonreacting  gases  are  initially  contained  within  vessels 
of  various  sizes,  geometries,  and  strengths.  Various  modes  of  failure 
of  these  vessels  are  possible,  from  either  internal  or  external  stimuli. 

If  the  vessel  is  pressurized  with  static  internal  pressure,  one  possible 
mode  of  failure  is  simply  fracture,  instituted  at  a  critical  size  flaw  and 
propagated  throughout  the  vessel.  A  similar  kind  of  failure  can  occur  if 
the  vessel  is  accidentally  immersed  in  a  fire,  and  pressure  increases 
internally  because  of  vaporization  of  the  internal  propellant.  Some  launch 
vehicles  have  the  liquid  fuel  and  oxidizer  separated  by  a  common  bulkhead. 
Accidental  over- pressurization  of  one  of  these  chambers  can  cause 
rupture  of  this  bulkhead,  and  subsequent  mixing  and  explosion  of  the 
propellant.  External  stimuli  that  can  cause  vessel  failure  include  high¬ 
speed  impact  by  foreign  objects,  accidental  detonation  of  the  warhead  of  a 
missile,  dropping  of  a  tank  to  the  ground  (as  in  toppling  of  a  missile  on  the 
launch  pad),  as  well  as  many  other  external  sources.  Vessel  failure  can 
result  in  an  immediate  release  cf  energy  or  it  can  cause  subsequent  energy 
release  because  of  mixing  of  propellant  and  oxidizer  and  subsequent  ignition. 
Other  modes  of  failure  which  have  resulted  or  could  result  in  violent 
explosions  are  fail-back  immediately  after  launch  due  to  loss  of  thrust, 
or  low-level  failure  of  the  guidance  system  after  launch  resulting  in  impact 
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into  the  ground  at  several  hundred  feet  per  second. 

4  • 

Failure  of  a  vessel  containing  liquid  propellants  or  compressed  gas  */ 

can  result  in  various  levels  of  energy  release,  ranging  from  negligible  to 
the  full  heat  value  of  the  combined  propellant  and  oxidizer,  or  full  value 
of  stored  energy  in  the  compressed  gas.  Toward  the  lower  end  of  the  scale 
of  energy  release  might  be  the  failure  of  a  pressurized  vessel  due  to 
ductile  crack  propagation.  Here,  the  stored  pressure  energy  within  the 
compressed  propellant  or  gas  in  an  ullage  volume  above  the  propellant 
could  split  the  vessel  or  generate  a  weak  blast  wave.  In  the  intermediate 
range  of  energy  releases  could  lie  vessel  failure  by  external  stimulus  and 
ignition,  either  very  rapidly  or  at  very  late  times,  so  that  only  small 
proportions  of  mixed  propellant  and  oxidizer  contribute  to  thf  energy 
release.  In  this  intermediate  range  could  also  lie  the  rapid  fracture  of 
gas  storage  vessels  after  heating  or  very  rapid  clack  propagation.  At  the 
upper  end  of  the  scale  could  be  the  explosion  in  a  vessel  wherein  a  pre¬ 
mixed  propellant  and  oxidizer  detonate  in  much  the  same  fashion  as  a  high 
explosive,  and  explosions  resulting  after  violent  impact  with  the  ground. 

In  past  studies  of  possible  blast  and  fragmentation  effects  from  vessel 
rupture,  a  critical  problem  has  been  to  accurately  assess  the  energy 
releise  as  a  result  of  the  accident  or  incident.  A  common  method  of 
assessment  of  possible  energy  release  or  correlation  of  the  results  of 
experiments  has  been  to  assess  the  energy  release  on  the  basis  of  equivalent 
pounds  of  TNT.  This  method  is  used  because  a  large  body  of  experimental 
data  and  theoretical  analyses  exist  for  blast  waves  generated  by  TNT  or 
other  solid  explosives  (refs.  1  and  2).  Although  the  comparison  with  IM 
is  convenient,  the  correlation  is  far  from  exact.  Specific  energies  which 
can  be  released,  i.e.,  energy  per  unit  volume  or  mass  of  material,  differ 
quite  widely  between  TNT,  various  liquid  propellants  or  mixtures  of  liquid 
prcpellants  and  oxidizers,  and  gases  stored  in  pressure  vessels.  The 
characteristics  of  damaging  blast  waves  from  explosions  which  can  occur 
in  flight  vehicle  accidents  can  therefore  be  quite  different  from  blast  waves 
from  TNT  explosions.  The  accidental  explosions  usually  generate  waves 
with  lower  amplitudes  {peak  overpressures)  and  longer  durations  than 
equivalent  energy  TNT  explosions,  at  least  close  to  the  explosion  source, 
Reference  3  discusses  in  some  detail  the  blast  waves  from  accidental  explo¬ 
sions  of  the  classes  covered  in  this  handbook. 

Dependent  on  the  total  energy  release  and  the  rate  of  this  energy 
release,  the  sizes  and  shapes  of  fragments  generated  by  bursting  liquid 
propellant  vessels  and  their  appurtenances,  and  bursting  gas  vessels, 
ruve r  a  very  wide  spectrum.  At  one  extreme  is  the  case  of  a  vessel  bursting 
because  of  seam  failure  or  crack  propagation  from  a  flaw  wherein  only  one 
"fragment"  is  generated,  the  vessel  itself.  This  fragment,  from  a  very 
slow  reaction,  can  be  propelled  by  releasing  the  contents  of  the  ven*<cl, 

At  the  other  extreme  is  the  conversion  of  the  vessel  and  parts  near  it  into 
a  cloud  of  small  fragments  by  an  explosion  of  the  contents  of  a  vessel  at  a 
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very  rnpld  rato,  similar  to  a  TNT  exploaion  (r of*,  4  anti  S),  for  mo»f 
accidental  vessel  failure*,  the  llstf  ll*»*  It  mu  itl  fragment  mn*»f’*  ntid  ah.ijxis 
undoubtedly  Hr*  betw?*>  these  two  extreme*,  The  mode c  n I  (allure  of  the 
vessel  may  bu  deyindent  upon  detail*  ttf  r  onatrtictlun  ai<0  thv  metallurgy 
of  (ho  v«aaut  material,  5-mv?  ttf  the  maasns  a  tut  shape*  era  dictated  by  thu 
masses  And  ehap*.  of  attached  or  xeerby  appurtenances,  In  any  uvwnt, 
assessment  and  predict*  tin  at  these  paramo  lor  a  la  much  more  difficult  than 
la  true  for  the  Cette  f  understood  phanomanon  of  ahell  casing  fragmentation. 

One*  thv  fciiara,  shape*,  and  initial  volocltioa  of  fragment*  from 
liquid  propollant  vaaaola  or  bursting  (jar,  vessel*  luva  boon  dalormined  in 
some  manner,  then  the  trajectories  nt  thaaa  fragment*  and  thvlr  toaaaa  in 
valoclty  du«  lu  air  drag  or  perforation  or  penetration  of  varlmia  material)) 
must  bo  computed,  Thla  problem  la  primarily  one  of  anterior  fcalllstK*. 

It  dlffora  from  convention*!  exterior  ballistic  studies  of  trajectories  of 
projectile*,  bomba,  or  mtaallea  In  that  th*  body  in  flight  la  Invariably  very 
Irregular  In  shape  and  cat,  ha  tumbling  violently.  Khar t  trejerlcrl-a  cannot 
be  determined  then  In  the  earn#  sense  that  they  ran  be  lot  well-designed 
proJaetMes.  Only  approximate  trejertorltis  on  be  eitlrnatedi  usually  by 
..Biumlpg  relatively  simple;  geometric  shape*,  such  as  sphere*,  dltca  or 
cy iind«,  1 1 ,  fvf  wMch  exterior  halt)**!;:-  da*s  and  teahnlquea  exist.  But, 

In  some  fashion,  one  can  praditt  th-i  mgs  •  end  impact  vnlocmes  for 
fragment*  which  v/ara  Initially  projected  in  » pacified  directions  from  th« 
bursting  '/easel  with  specified  tnitlei  vetocltle*, 

Tula  problem  le  not  complete  until  nne  can  iseeew  the  eff« L;»  oi 
bias t  waves  end  fragment*  from  the  accldei  *  on  various  "(ergot*.  "  for 
n  proper  assessment  of  hazards,  one  should  consider  a  wldv  v„rlt  |y  of 
target  ),  including  human  being*,  v* rlou*  clnaaea  of  building*,  vehicle*, 
and  perhaps  oven  aircraft,  Problem',  of  fragment  dam«t*  are  exceedingly 
complex,  not  only  bet auee  r,f  the  Inleirnt  slslisllcsl  nature  yf  (lit  chare),' 
t* r ixiiv *  of  ttic  .mpacttng  fragments  but  *!•«>  lier*u*e  the  terminal  balll«ti<: 
afflict*  (or  largo  Irregular  objects  Impacting  *i,y  of  the  terget*  d«scrlb**d 
are  not  vary  wall  k  town,  In  moat  peat  studies  of  fragment  damage  from 
accidents,  the  investigator a  have  been  contant  to  almply  locate  and  approxi¬ 
mate  the  tita  «nd  macs  .if  the  fragment*  in  IrapAct  area*  end  have  Ignored 
thn  important  prntilem  of  th«  terminal  bxllikllc  effect  of  three  fragment*. 
Prediction  of  blast  damage  1*  al*o  not  simple,  but  much  more  work  ha* 
been  done  and  reasonable  estimate*  can  be  mode  foi  most  structure*  and 
lor  human*,  provided  tlm  characteristic  a  of  the  bla*t  wave*  ran  be  defined 
(ref*.  6  4)i)l  7), 
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of  these  vehicles.  This  more  comprehensive  task  includes  the  estimation 
of  the  probability  of  occurrence  of  various  types  of  failures  accidents, 
and  must  employ  methods  such  as  failure  mode  analysis  or  fault-tree 
analysis  to  obtain  such  probabilities.  In  this  handbook,  it  is  assumed  that 
a  specific  explosive  accident  has  occurred,  and  the  hazardous  effects  of 
that  accident  arc  predicted.  A  brief  discussion  ci  methods  of  risk  as¬ 
sessment  is  given  in  Chapter  6. 

Scope  and  Significance  of  Material  Presented 

The  material  presented  in  the  handbook  is  based  on  a  previous  study 
of  fragmentation  from  bursting  propellant  vessels  (ref.  8)  and  on  the  litera¬ 
ture  on  characteristics  and  effects  of  blast  waves  and  fragment  impact. 
Methods  a-e  given  for  predicting  the  damage  to  facilities  and  hazards  to 
people  from  exploding  liquid  propellant  tanks  or  bursting  gas  storage  bottles 
Various  chapters  presort  material  which  allows  estimation  of  explosive 
yield  or  energy  for  a  variety  of  propellant  explos ions  and  gas  vessel  bursts, 
give  prediction*  of  characteristics  of  pressure  waves  from  these  explosions, 
And  present  techniques  for  making  damage  estimates  for  structures  and 
facilities,  ar.d  mortality  or  injur/  to  people  subjected  to  the  h’ist  waves. 
Other  chapters  include  estimates  ot  fragment  initial  velocities  and  the 
statistics  of  mass  and  shape,  terminal  velocities  and  impact  condition:, 
and  effects  of  inch  impact  on  facilities,  structures  and  people.  1  hrough'.ut 
the  workbook,  presentations  are  made  in  the  form  of  scaled  gra  phs, 
equations,  nomographs  or  tables  which  allow  easy  calculation  without 
recourse  to  difficult  mathematical  manipulation  or  use  of  extensive  compute  i 
programi.  When  such  methods  have  been  used  to  develop  simple  prediction 
aids,  they  are  fully  described  in  appendices. 

It  is  believed  that  this  workbook  is  the  first  to  provide  rafety  engi¬ 
neers  with  relatively  simple  yet  comprehensive  methods  for  estimating 
blast  sod  fragment  hazards  for  accidental  explosions  in  liquid- propellant 
fueled  flight  vehicles,  home  methods  for  estimating  blast  yield  for  classes 
of  J  ^uul  propellant  accidents  are  given  in  ref.  9,  and  ref.  10  discusses 
blast  and  iragmc ntatlon  from  such  explosions.  But,  neither  of  these 
rcfwtenc.es  allows  estimation  of  fragment  characteristics  and  effects  for 
liquid  propellant  explosions,  nor  do  they  treat  gas  vessel  bursts.  Special 
ieatures  not  seen  elsewhere  arc  the  prediction  ot  blast  wave  characteristics 
for  gift  vessel  bursts,  effects  of  fragment  impact  on  structures  and  fa¬ 
cilities.  and  extensive  application  of  the  pre  s  sure  -  impulse  (P-I)  damage 
concept  to  .»  wide  variety  of  structures  and  to  humans. 
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Intended  Purpose  and  Limits  of  Use 

The  purpose  of  the  workbook  is  to  provide  typical  safety  engineers, 
with  training  at  the  bachelor’s  degree  level  in  some  engineering  specialty, 
with  methods  for  rapid  estimation  of  blast  and  fragment  hazards  from  acci¬ 
dental  explosions  in  flight  vehicles.  It  should  requi.e  only  a  desk  or  pocket 
calculat..r  or  slide  rule  to  perform  any  of  the  needed  calculations.  There 
are,  of  course,  a  number  of  limits  to  the  calculations  and  their  applicability 
which  the  user  should  observe.  Because  almost  all  of  the  data  he  will  use 
arc  graphical,  these  limits  will  often  be  self-evident  from  the  extreme 
values  on  the  graphs.  In  general,  one  should  not  extend  or  extrapolate 
these  graphs,  but  should  instead  merely  report  that  prediction  is  not 
possible  if  input  parameters  fall  outside  the  range  of  the  plot. 
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Factors  of  safety  are  included  in  the  prediction  methods  in  various 
ways.  When  curves  are  based  on  experiments,  error  bands  are  usually 
given.  Use  of  average  curves  through  the  data  will  give  most  probable 
values  for  such  loading  parameters  as  blast  overpressure  and  impulse; 
use  of  the  upper  limits  of  the  error  band  will  assure  conservatism  by  en¬ 
compassing  all  of  the  extreme  values  m  the  measured  data  rather  than  the 
most  probable.  Most  of  the  fragment  data  must  be  presented  statistically. 
The  user  is  often  given  a  choice  of  several  regression  lines  through  the 
data.  Choice  of  such  a  line  with  a  very  high  probability  of,  say,  predicting 
that  all  fragments  less  than  a  certain  mass  will  fall  to  earth  within  a  given 
distance,  will  assure  a  high  factor  of  safety  in  estimating  exclusion 
distances  for  possible  fragment  damage.  In  estimating  effects  of  blast 
and  fragments,  factors  of  safety  are  included  by  estimating  different  decrees 
of  damage  given  blast  envelopment  or  fragment  impact.  For  structures, 
estimates  can  be  made  for  lower  limits  to  damage  (threshold  of  no  damage 
at  all)  through  quite  severe  structural  damage  to  buildings,  vehicles,  etc. 

For  people,  estimates  can  be  made  for  threshold  of  ear  damage  through  1% 
chance  of  mortality  to  99%  chance  of  mortality.  For  estimation  methods 
which  are  based  on  sparse  data  or  analysis,  we  have  large  bands  of  un¬ 
certainty— the  user  should  apply  upper  limits  of  these  bands,  if  in  doubt. 


Applications  to  Areas  Other  Than  Aerospace  Rocket  Launch 
and  Research  Facilities 


This  workbook  was  prepared  primarily  for  use  by  safety  engineers 
and  site  planners  at  aerospace  rocket  launch  and  research  facilities.  It 
emphasizes  the  blast  and  fragment  hazards  which  could  occur  at  such  sites, 
and  the  prediction  of  their  damaging  effects.  The  prediction  of  blast  and 
fragment  hazards  is  specific  for  liquid  propellant  explosions  and  gas  bottle 
bursts.  The  common  use  in  explosive  safety  circles  of  conversion  to  TNT 
equivalency  is  nearly  completely  avoided,  so  the  workbook  cannot  be  v_".sily 
u  '  to  predict  hazards  from  detonations  of  condensed  explosives  such  as 
TNT.  On  the  other  hand,  the  methods  given  in  Chapters  111,  V  and  VI  for 
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prediction  of  damaging  effect*  are  quite  independent  of  the  mothod*  for 
estimating  the  hazards.  Blast  damage  predictions  could  as  easily  be  made 
for  TNT  or  nuclear  explosions  as  for  propellant  explosions,  provided  the 
blast  wave  characteristics  were  defined.  Similarly,  fragment  damage 
predictions  are  independent  of  the  sources  of  the  fragments,  and  only 
depend  on  a  knowledge  of  the  impact  conditions.  Indeed,  the  treatment  of 
damage  effects  is  much  more  extensive  than  one  would  bo  apt  to  find  in  any 
other  single  document,  and  could  find  much  wider  use  than  for  damage 
prediction  near  aorospace  test  and  launch  facilities. 

Additional  Areas  of  Research 

The  bases  for  the  prediction  methods  given  In  this  workbook  range 
from  a  firm  foundation  of  extensive  testing  and  analysis,  through  analyses 
supported  by  limited  testing  or  accident  reporting,  to  some  predictions 
which  are  quite  speculative  because  of  little  corroborating  evldenco.  Pre¬ 
dictions  in  the  latter  case  could  often  be  improved  by  additional  resoarch. 

Areas  in  which  we  feel  there  is  a  pressing  need  for  additional  study 

are: 

(1)  Definition  of  fragmentation  characteristics  for  bursting  gas 
storige  bottles.  Existing  data  consist  of  only  five  tests  for  one 
bottle  geometry  and  material,  and  one  gae. 

(2)  Definition  of  blast  wave  characteristics  for  burst  of  cylin¬ 
drical  gas  storage  vessels,  either  analytically  or  exp or  mentally. 
Present  methods  are  limited  to  essentially  spherically  sym.  •  i  'c 
cases. 

(3)  Better  definition  of  fragment  impact  effects  on  n  variety  o i 
structures  and  facilities,  for  fragments  typical  of  those  occurring 
in  aerospace  vehicle  explosions.  Most  fragment  impact  data  or 
methods  developed  to  date  arr  related  to  high  velocity,  small  mass 
penotrators  which  arc  net  plcal  of  accidentally  produced  fragmunts. 

(4)  Extension  of  the  present  work  to  accidental  explosions  In 
thick-walled  storage  vessels  typical  of  ground  transport  and  storsgu 
vessels.  The  current  work  is  dlrocted  toward  explosions  of  flight- 
weight  hardware.  Blast  and  fragmentation  characteristics  can  bu 
drastically  different  for  huuvlcr  vessels. 

In  Chapter  IX,  wo  discuss  these  and  other  areas  for  forlher  w<  -V  .it  more 
detail. 
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ESTIMATES  OF  EXPLOSIVE  YIELD 


l- 1  Explosive  Yield  as  a  Function  of  Propellant  Type  and  Accident 
Conditions 


1- 1.  1  General  Discussion  of  Propellant  Explosives 

Accidents  involving  liquid  propellant  rockets,  both  during  static 
firing  on  a  test  stand  and  during  launch,  have  shown  that  liquid  propel¬ 
lants  can  generate  violent  explosions.  These  explosions  "drive"  air  blast 
waves,  which  can  cause  direct  damage  and  can  accelerate  fragments  or 
nearby  objects.  In  fact,  the  specific  energies  of  liquid  rocket  propel¬ 
lants,  in  stoichiometric  mixtures,  are  significantly  greater  than  for  TNT 
(specific  energy  is  energy  per  unit  mass).  O)  The  estimation  of  explosive 
yield,  the  energy  released  during  the  explosion,  is  a  prerequisite  to  the 
determination  of  expected  damage  resulting  from  the  explosion.  Before 
delving  into  the  method  of  calculating  explosive  yield,  however,  a  general 
discussion  of  the  characteristics  of  propellant  explosions  will  help  the 
reader  understand  the  complexities  involved  in  the  determination  of  ex¬ 
plosive  yield. 

One  extremely  important  fundamental  fact  concerning  liquid  pro¬ 
pellants  is  that  their  potential  explosive  yield  is  very  high,  but  their 
actual  yield  is  much  lower.  This  situation  occurs  because  the  propellant 
and  oxidizer  are  never  intimately  mixed  in  the  proper  proportions  before 
ignition.  The  degree  of  confinement  of  propellant  and  oxidizer  can  also 
seriously  affect  the  actual  explosive  yield  of  liquid  propellants.  For 
example,  a  liquid  propellant  mixture  could  conceivably  explode  inside  a 
storage  vessel  or  could  leak  out  of  a  containment  vessel  and  form  a 
shallow  pool  of  large  lateral  extent  before  detona  ion.  Each  case  produces 
different  values  for  explosive  yreld.  Presently,  there  are  at  least  four 
methods  for  estimating  yield  from  liquid  propellant  explosions  which, 
unfortunately,  do  not  necessarily  give  the  same  predictions:  Or.e  method 
is  based  on  Project  PYRO  results,  and  two  of  the  others  are  the 

"Seven  Chart  Approach"  and  the  "Mathematical  Model"  of  Farber  and 
Deese.^  The  fourth  approach,  which  is  really  based  on  the  previous 
three  methods,  was  developed  by  Baker,  et  al. ,  and  is  easy  to  use  and 
readily  adaptable  to  the  calculation  of  explosive  yield.  For  further  in¬ 
formation  concerning  the  development  of  this  method,  Reference  1  is 
recommended. 

From  the  test  results  reported  in  Reference  2  and  6  through  8,  a 
number  of  observations  can  be  made  regarding  blast  yields  from  liquid 


propellant  explosions,^) 

(1)  Yield  is  quite  dependent  on  the  particular  fuel  and  oxidizer 
being  mixed. 

(2)  The  yield  is  very  dependent  on  the  mode  of  mixing  of  fuel 
and  oxidizer,  i.  e. ,  on  the  type  of  accident  which  is  simu¬ 
lated.  Maximum  yields  are  experienced  when  intimate 
mixing  is  accomplished  before  ignition. 

(3)  On  many  of  the  liquid  hydrogen /liquid  oxygen  (LH2/LO2) 
tests  (regardless  of  investigators),  spontaneous  ignition 
occurred  very  early  in  the  mixing  process,  resulting  in 
very  low  percentage  yields. 

(4)  Yield  is  very  dependent  on  time  of  ignition,  even  ignoring 
the  possibility  of  spontaneous  ignition. 

(5)  Blast  yield  per  unit  mass  of  propellant  decreases  as  total 
propellant  mass  increases. 

(6)  Variability  in  yields  for  supposedly  identical  tests  was 
great,  compared  to  variability  in  blast  measurements  of 
conventional  explosives. 

1-1.  2  Scaled  Curves  for  Explosive  Yield  for  Various  Propellants  and 
Types  of  Accidents 

If  a  blast  source  is  placed  on  or  near  a  reflecting  surface,  such  as 
the  ground,  then  the  initial  shock  is  very  quickly  reflected  and  the  reflected 
wave  merges  with  the  incident  wave  so  rapidly  that  a  single,  strengthened 
blast  wave  is  formed.  The  characteristics  of  this  single  wave  are  often 
almost  identical  with  the  characteristics  of  blast  waves  in  free-air  experi¬ 
ments,  except  that  the  blast  source  appears  to  have  greater  energy  than 
for  free-air  tests.  The  proportion  of  energy  reflected  from  the  ground  is 
a  function  of  how  perfect  a  ref  :tor  it  is,  that  is,  how  little  energy  is 
imparted  to  the  ground  in  cr?  r'r.g,  ground  shock,  and  so  forth.  If  the 
ground  were  a  perfectly  ri'^a  surface,  then  the  equivalent  free-air  energy 
driving  the  air  blast  wa-  would  be  t1  *  2E.  The  other  extreme  case  is 
that  of  a  perfect  abs>“  ,er,  for  which  E1  =  E,  All  actual  tests  will  have 
equivalent  free-aiv  ,  .jergies  lying  between  these  limits. 

All  of  the  PYRO  experiments,  on  which  the  prediction  curves  in 
this  section  are  based,  were  conducted  on  the  ground  surface,  with  no 
cratering.  When  the  curves  are  used  to  predict  blast  yields  for  explo¬ 
sions  occurring  in  flight  or  far  enough  above  the  ground  that  the  imme- 
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diate  reflection  discussed  does  not  occur,  one  must  account  lor  the  ab¬ 
sence  of-the  "-perfect"  reflecting  surface.  This  is  done  by  dividing  the 
blast  yields  calculated  from  curves  in  this  chapter  by  a  factor  of  two. 

1-  l.  2.  1  Terminology 

In  this  document,  three  types  of  fuel  and  oxidizer  combinations 
and  three  different  modes  of  mixing  will  be  considered.  The  three  types 
of  propellants  are: 

(1)  The  hypergolic  propellant  which  is  in  widest  use.  A  fuel 

of  50%  -  50%  UDMH  and  an  oxidizer  of  N2O4  in  a 

mass  ratio  of  1/2. 

(2)  Liquid  Oxvgen-Hydrocar  in  -  This  propellant  uses  kerosene 
(RP-  1)  as  a  fuel  and  liqui'1  oxygen  (LO2)  as  the  oxidizer  in 
stoichiometric  mass  ratio  of  1/2.  25. 

(3)  Liquid  Oxygen- Liquid  Hydrogen  -  This  propellant  is  an 
entirely  cryogenic  combination  of  liquid  hydrogen  (LH2) 
fuel  and  liquid  oxygen  (LO2)  oxidizer  in  stoichiometric 
mass  ratio  of  1/5. 

The  three  modes  of  mixing  (failure  modes)  discussed  are: 

(1)  Confinement  by  Missile  (CBM)  -  This  type  of  accident 
consists  of  failure  of  an  interior  bulkhead  separating  fuel 
and  oxidizer  in  a  missile  stage. 

(2)  Confinement  by  Ground  Surface  (CBGS)  -  This  type  of 
accident  includes  impacts  at  various  velocities  (e.  g, , 
fall  back  on  the  launch  pad)  of  the  missile  on  the  ground, 
with  all  tankage  ruptured,  and  subsequent  ignition. 

(3)  High  Velocity  Impact  (HV1)  -  This  type  of  accident  involves 
high  velocity  impact  of  a  missile  after  launch. 

1-  1.  2.  2  Methods  for  Calculating  Explosive  Yield 

Some  parameters  which  become  important  in  determining  explo¬ 
sive  yield  are  the  type  of  propellant,  the  failure  inode  and  in  some  cases, 
ignition  time,  impact  velocity,  and  type  of  surface  impacted.  It  is 
important  to  keep  in  mind,  however,  that  blast  yield  as  a  percent  or 
fraction  of  energy  available  decreases  as  total  combined  mass  of  propel¬ 
lant  and  oxidizer  increases.  Figure  1-1,  which  is  a  normalized  plot  for 
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Figure  1-1.  Estimated  Terminal  Yield  as  a  Function  of 
Combined  Propellant  and  Oxidizer  Maas  (Ref,  9) 
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all  propellants,  depicts  this  relationship  and  should  be  used  as  an  upper 
limit  for  jjc rcent_explosive  yield.  Since  this  is  a  normalized  plot,  the 
percent  yield  for  a  particular  propellant  car  be  determined  by  obtaining 
the  normalized  fractional  value  from  the  graph  and  multiplying  by  the 
multiplier  factor  for  the  particular  propellant  under  investigation.  These 
multiplier  factors,  shown  on  the  figure,  are: 

Hvoergolic  (50%  N2H4  -  50%  UDMH  fuel  and  N2O4  oxidizer  in 
mass  ratio  of  1/2)  -  240%)^®) 

Liquid  oxygen-hydrocarbon  (RP-  1  fuel  LO2  oxidizer  in  mass  ratio 
of  1/2.  25)  -  125%16 1 

Liquid  oxygen-liquid  hydrogen  (LH2  fuel  and  LO^  oxidizer  in  mass 
ratio  of  1/5)  -  370%(&) 

Careful  examination  of  Figure  1*1  and  the  multiplier  factors  indicate 
that  explosive  yield  can  be  greater  than  100  percent.  Also,  in  certain 
cases,  explosive  yield  will  be  greater  than  100  percent  when  calculated 
by  other  methods.  This  anomaly  occurs  because  explosive  yield,  as  it 
is  used  here,  is  really  terminal  yield,  or  yield  based  on  "TNT  equiva¬ 
lence".  Since  the  specific  energies  of  the  liquid  propellants  involved  are 
greater  than  the  specific  energy  of  TNT,  terminal  (TNT  equivalent)  yield 
can  be  greater  than  100  percent.  Calculations  were  done  in  this  manner 
to  correlate  with  other  methods  discussed  in  subsequent  paragraphs. 
Whenever  the  value  of  percent  explosive  (terminal)  yield  determined  by 
these  other  methods  exceeds  the  value  of  percent  explosive  (terminal) 
yield  determined  by  using  Figure  1-  1,  the  value  from  Figure  1- 1  is  the 
correct  choice. 

(1)  Hypergolic  materials,  by  definition,  ignite  spontaneously 
on  contact,  so  it  is  not  possible  to  obtain  appreciable  mix¬ 
ing  before  ignition  unless  the  fuel  and  oxidizer  are  thrown 
violently  together.  Ignition  time  is  therefore  not  an 
important  determinant  of  blast  yield  for  hypergolics,  but 
impact  velocity  and  degree  of  confinement  after  '.rr.pact  ?.re 
important  factors.  If  a  CBM  or  CBCS  failure  mode  is 
being  considered,  percent  explosive  yield  can  be  acquired 
from  Table  1-1.  If  a  HVI  failure  mode  is  assumed,  then 
percent  explosive  yield  can  be  determined  from  Figure 
1-2.  The  percent  yield  determined  by  any  one  of  these 
methods  must  then  be  compared  to  the  percent  yield  deter¬ 
mined  from  the  weight  of  the  propellant  (Figure  1-1). 

The  smaller  of  the  two  is  the  correct  choice. 
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TABLE  1-1.  ESTIMATE  OF  TERMINAL  YIELD  FOR 
- HYPERG9LIC  CBM  AND  CBGS  (REF.  3) 


Failure  Mode 

Terminal  Yield  Range 
(?*) 

Estimated  Upper 
Limit 

Diaphragm  rupture  (CBM) 

0.  01  -  0. 8 

1.  5 

Spill  (CBGS) 

0.02  -  0.8 

0.  5 

Small  explosive  donor 

0.8  -  1.2 

2 

Large  explosive  donor 

3.4  -  3.  7 

5 

Command  destruct 

0. 3  -  0.  35 

0.  5 

3  1 0  -  ft  drop  (CBGS) 

1.5 

3 

(2)  Because  liquid  oxygen /hydrocarbon  propellants  are  not 
hypergolic,  considerable  mixing  can  occur  in  various 
types  of  accidents,  and  time  of  ignition  after  onset  of 
mixing  is  an  important  determinant  of  blast  yield.  For 
the  case  of  mixing  and  an  explosion  within  the  missile 
tankage  (CBM),  percent  explosive  yield  can  be  determined 
by  assuming  an  ignition  time  and  then  examining  Figure 
1-3.  For  simulated  fail-back  on  the  launch  pad  (CBGS), 
impact  velocity  as  well  as  ignition  time  are  important 
parameters  in  estimating  blast  yield.  A  two-step 
approach  has  been  developed  to  calculate  blast  yield. 

After  assuming  an  impact  velocity,  maximum  percent 
yield  Ym  can  be  determined  for  Equation  ( 1  -  1 ): 

Y  =  5%  +  Ut  .  0  <  U.  <  16.8  m/s  (1-1) 

m  (m/s)  I  —  i  — 


A  word  of  explanation  will  help  clarify  the  meaning  of  the  central  solid 
line  and  shaded  area  of  this  graph  and  similar  subsequent  graphs.  The 
shaded  portion  represents  an  area  in  which  data  from  actual  propellant 
blasts  was  found.  The  central  solid  line  is  an  estimate  of  the  most 
likely  occurrence  and,  for  most  cases,  is  the  recommended  choice. 
Conservative  estimates  of  explosive  yield  can  be  made  by  choosing  the 
uppermost  boundary  of  fhe  shaded  area.  The  vertical  depth  of  the  shaded 
area  at  any  abscissa  inc  rates  the  total  range  of  data,  and  therefore  the 
total  uncertainty  in  the  rstimate. 
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wh ere  Y  1*  expreaeed  In  percent  end  Uj  i*  in  metere  per 
.  .. iecard«Jpercent  explofiv*  yield  can  then  be  determined 
from  Ym,  en  eetimete  of  ignition  time,  end  Figure  1*4. 

The  determinetion  of  explosive  yield  for  the  HVI  failure 
mode  ie  eomewhet  simpler  because  there  i>  little  ignition 
deley  end  therefore  only  impact  velocity  affect#  yield. 

Thus,  bleet  yield  cen  be  acquired  by  u#ing  Figure  1*5 
directly.  The  percent  yield  determined  by  any  one  of  theie 
method#  must  then  bo  compered  to  the  percent  yield  deter¬ 
mined  from  the  weight  of  the  propellent  (Figure  1*1).  The 
smeller  of  the  two  1#  the  correct  choice. 

(3)  The  determinetion  of  exploitive  yield,  for  the  entirely 
cryogenic  combination  of  ltqwtd  hydrogen  end 

liquid  oxygen  ILO^)  oxuLUor  ie  •imller  to  thpt  of  liquid 
oxygen-hydrocu/bon  propellent*.  For  the  CHM  com,,  it 
ir  neceaeery  for  one  to  eeeu/ne  en  ignition  time  end  then 
uee  Figure  1*6  to  find  rxploniv#  yield.  For  the  COGS  ceee, 
en  impact  velocity  i#  ee«ttiried  erd  maximum  percent,  yield 
Ym  cen  be  determined  from  Kquettar. 

‘  m  *  '‘'(fit)  Ul-  0  -  UI  i  !u»'-  »•*' 

where  Y n  t*  expressed  in  percent  end  in  in  meter*  per 
•evond.  Percent  eeploxlve  yield  cen  th<n  be  Uetwrmluod 
from  Y  ,  an  nfttmete  of  ignition  II mu  end  Figure  1*7, 

For  high  velocl'y  impact  (l I VI )  of  thie  propellent,  the  bleat 
yield  i*  depandent  only  on  (be  Impeci  "eloclty  end  edn  be 
enquired  irem  i  igure  i*g  directly.  The  percent  yield 
determined  by  any  one  of  thete  i.irthode  mud  then  be  com¬ 
pered  to  the  percent  yield  determined  fiom  the  weight  of 
the  propellent  (Figure  l-l).  The  smeller  of  the  two  ie  the 
correct  choice. 

Table  1  2  nee  been  prepared  to  alleviate  the  ntr  rsslty  of  rereading 
the.  preceding  prcseut/ifion  each  time  a  value  of  explosive  yielc  muet  be 
determined.  To  uee  the  table,  ell  one  need*  to  do  )•  identify  tit?  type  of 
propellent  end  type  of  accident.  Then  *h*  propur  eequcrv  e  in  "Fart  i" 

■  hould  hr  follow#.!  after  mektnjt  thn  ner*«*,»ry  eifumptiot'*  (e.  g. ,  ignition 
time  or  impact  velocity  and  type  of  surface  impeded)  to  arrive  *t  a  value 
for  axplosi/fl  yield,  Explosive  yield  should  then  be  Jetcrninod  by  usinf, 
the  method  depicted  in  "Fart  1"  which  involve*  the  c*c  of  Pigure  i-  I  and 
multiplier  factors  (eee  page  1*4).  7  hn  imidlt  r  ve’wo  f.-.r  explosive  yield 
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Figure  1-4.  Normalized  Terminal  Yietd  Vs  Iunition 
Time  for  L02/RP-1  CBGS 


T  I  1  I  I  I  l 


(  ft/aec  =  m/s  X  3.  281  ) 


Figure  1-5.  Terminal  Yield  V«  Impact  Velocity 
for  LO./RP-i  HV1  (Ref.  3) 


TERMINAL  YIELD  Y, 


IGNITION  TIME  t,  S 


figure  1-6.  Terminal  Yield  V*  Ignition  Time 
for  LO?/LH2  CBM 


Figure  1-7,  Normallied  Terminal  Yield  V«  Ignition  Time 
for  L02/LH2  CBCS 
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determined  in  "Part  1"  and  "Part  2"  is  the  correct  value.  This  value 
can  then  be  used  to  determine  an  effective  weight  of  propellant,  and 
pressure  and  impulse  at  scaled  distances  using  the  mefhods*~<femondtratffd~ 
in  a  subsequent  chapter. 


'•  1-1.3  Examples  for  Determining  Explosive  Yield 

■  'j 

i 

■  Example  1: 

f . 

}  Propellant-Hypergolic 

Combined  mass  of  propellant  and  oxidizer*  10,  000  kg  (22,  000  lbm) 
Failure  mode  -  CBM 


>  ( 
i 


Solution:  Examine  Table  1-2  for  "Part  1"  and  "Part  2"  solution 
sequences. 

Part  1:  Table  1-1  implies  that  for  the  CBM  failure  mode, 

Y  =  0.  01  -  0.8% 


> 


Using  the  higher  portion  for  safety  reasons, 

Y  s  0. 8% 

Part  2:  Figure  l-l  implies  that  for  a  combined  mass  of  propellant 
and  oxidizer  of  10,  000  kg, 

Y  =  (24%)  (0.37)  =  88.8% 

where  240%  is  the  hypergollc  multiplier  factor, 

Y  =  0.  8%,  the  smaller  value,  is  the  correct  choice. 

Example  2: 

Propellant-Hypergolic 

Combin-d  mass  of  propellant  and  oxidizer- 1000  kg  (2200  lbm) 
Failure  mode  -  HVI 

Impact  velocity  (assumption)  -  140  m/s  (459  ft/sec) 

Type  of  surface  impacted  -  hard 

Solution:  Examine  Table  1-2  for  "Part  1"  and  "Part  2"  solution 
sequences. 

Part  1:  Figure  1-2  implies  that  for  an  impact  velocity  of  140  m/9 
(459  ft/sec)  onto  a  hard  surface,  Y  =  15%. 
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TABLE  1-2.  SEQUENCE  FOR  DETERMINATION 
OF  EXPLOSIVE  YIELD* 


Type  of 


Type  of 
Ac  u :  d  e  nt 


Sequence1 


&  Oxiditer 

Failure  Mode 

Part  1* 

Part  2  (chec 

Hypergolic 

(50fo  N  H  - 

2  4 

CBM 

Table  1-1 

Figure 

1-1 

50ffo  UDMH/N  O  ) 

2  4 

CBCS 

Table  1-1 

Figure 

1-1 

HVI 

Figure  1-2 

Figu  re 

1-1 

Liquid  Oxygen  - 
Hydrocarbon 

CBM 

Figure  1-3 

Figure 

1-1 

(lo2/rp-d 

CBGS 

Eq.  (l-D 

Figure  1-4 

Figure 

1-1 

HVI 

Figure  1-5 

F igu  re 

1-1 

Liquid  Oxygen- 
Liquid  Hydrogen 

CBM 

Figure  1-6 

Figure 

1-1 

(lo2/lh2) 

CBGS 

Eq.  (1-2) 
Figure  1-7 

Figure 

1-1 

HVI 

Figure  1-8 

Figu  re 

1-1 

For  explosions  occurring  far  above  the  ground  (H/W  ^  >10  m/kg1  ^ 

where  H  is  height  above  the  ground),  blast  yields  calculated  from 
curves  in  this  section  should  be  divided  by  two. 


Correct  choice  is  the  smaller  of  Part  1  and  Part  2. 


Sec  footnote  on  page  1-7. 
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Part  2:  Figure  1-1  implies  that  for  a  combined  mus  of  propellant 

and  oxidizer  of  1000  kg  (2200  lb  ) 

m 

Y  =  (240%)  (0. 6)  =  144% 

where  240%  is  the  hypergolic  multiplier  factor. 

Y  =  15%.  the  smaller  value,  is  the  correct  choice. 

Example  3: 

Propellant  and  oxidizer  -  LC^/RP-l 

Combined  mass  of  propellant  and  oxidizer-  10,  OOo  kg  (22,  000  lbm) 
Failure  mode  -  COM 

Ignition  time  (assumption)  -  0.  2  seconds 

Solution:  Examine  Table  1-2  for  "Part  1"  and  "Part  2"  solution 
sequences. 

Part  1:  Figure  1-3  implies  that  for  an  .gnition  time  of  0.  2  seconds, 

Y  =  52% 

Part  2:  Figure  1- 1  implies  that  for  a  combined  mass  of  propellant 

and  oxidizer  of  10,  000  kg  (22,  000  lb  ) 

m 

Y  =  (125%)  (0.  37)  =  46% 

where  125%  is  the  LO^/RP-l  multiplier  factor. 

Y  =  46%,  the  smaller  value,  is  the  correct  choice. 

Example  4: 

Propellant  and  oxidizer  -  LO^/RP-  1 

Combined  mass  of  propellant  and  oxidizer  -  150,  000  kg 
(330,  000  lbm) 

Failure  mode  -  CBCS 

Impact  velocity  (assumption)  -  10  m/s  (32.8  ft/sec) 

Ignition  time  (assumption)  -  0.  5  seconds 

Solution:  Examine  Table  1-2  for  "Part  1"  and  "Part  2"  solution 
sequences. 

Part  1:  Equation  (1- 1)  implies  that  for  an  impact  velocity  of 
10  m/s,  (32.8  ft/sec) 


t 
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Y 

m 


3%  + 


tfe.  1?%) 

(m/s  J 


(10  m/s) 


Y  =  5%  +  68.  2% 

m 


Y  =  73.  2% 

m 

Figure  1-4  implies  that  for  an  ignition  time  of  0.  5  seconds 


or 


Y 


J70I  y 

(100)  Ym 


Y  =  TkkmT  <73,2%)  =  51'2% 

Part  2:  Figure  l-l  implies  that  for  a  combined  mass  of  propellant 

and  oxidizer  of  150,  000  kg  (330,  000  lb  ), 

m 

Y  =  (125%)  (0.05)  =  6.25% 

where  125%  is  the  LO^/RP-l  multiplier  factor. 

Y  =  6.  25%,  the  smaller  value,  is  the  correct  choice. 


Example  5: 


Propellant  and  oxidizer  -  LOj/LI-^ 

Combined  mass  of  propellant  and  oxidizer  -  10,  000  kg  (22,  000  lb  ) 
Failure  mode  -  HVI 

Impact  velocity  (assumption)  -  40  m/s  (131  ft/sec) 

Type  of  surface  impacted  -  hard 


Solution:  Examine  Table  1-2  for  "Part  1"  and  "Part  2"  solution 
sequences 


Part  1:  Figure  1-8  implies  that  for  an  impact  velocity  of  40  m/s 
(131  ft /sec). 


Y  =  30% 
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Part  2:  Figure  1-1  implies  that  for  a  combined  mass  of  propellant 
and  oxidizer  of  10,  000  kg  (22,  000  lbm), 

Y  =  (370%)  (.37)  =  137% 

where  370%  is  the  LO^/LI-^  multiplier  factor. 

Y  =  30%,  the  smaller  value,  is  the  correct  choice. 


» 


1-2  Explosive  Yield  as  a  Function  of  Fluid  Type  and  Initial  Conditions 

for  Cas  Vessel  Bursts 

1-2.  1  General  Discussion  of  Gas  Vessel  Explosions 

When  a  pressurized  gas-filled  vessel  bursts,  a  shock  wave  in 
many  ways  similar  to  that  which  results  from  a  TNT  explosion  propagates 
from  the  source.  The  overpressure  behind  this  shock  wave  may  be  quite 
large  and  capable  of  caueing  damage.  The  specific  impulse  associated  with 
this  shock  wave  is  also  important  for  the  prediction  of  damage  from  a  gas 
vessel  burst.  These  two  parameters  vary  with  distance  from  the  source. 

In  the  analysis  that  was  used  for  the  overpressure  and  specific 
impulse  calculations,  the  effects  of  the  containing  vessel  and  it*  fragments 
were  ignored,  that  is,  all  of  the  energy  of  the  gas  in  the  vessel  was  put 
into  the  flow  field,  rather  than  into  the  fragments  as  kinetic  energy.  For 
a  spherical  vessel,  the  flow  field  was  assumed  spherically  symmetric. 

Also,  the  surrounding  atmosphere  was  assumed  to  be  air. 

To  determine  the  overpressure  and  impulse,  one  must  know  the 
initial  conditions  of  the  gas  in  the  vessel.  The  pressure  Pj  ,  temperature 
Tp  and  ratio  of  specific  heats  of  the  gas  must  be  known. 

The  conditions  of  the  atmosphere  into  which  the  shock  wave  propa¬ 
gates  also  must  be  known.  These  are  the  atmospheric  pressure  pa,  the 
speed  of  sound  afi  ,  and  the  ratio  of  specific  heats  ya .  The  latter  value 
will  be  a  constant  for  all  explosions  in  air. 

1-2.  2  Discussion  of  Energy 

The  energy  contained  in  a  pressurized  gas  vessel  can  be  obtained 
by 
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where 

V.  is  the  volume  of  the  vessel  before  it  bursts^  ^  and  _ _ 

> 

p.  indicates  absolute  pressures. 

The  overpressure  and  impulse  are  graphed  versus  a  dimensionless 
scaled  distance: 


r  P, 


1/3 


R  = 


.1/3 


A  scaled  specific  impulse  is  used: 


(12) 


1  a 


1  = 


2/3  1/3 

p,  E 


Note  that  there  is  no  need  to  calculate  a  TNT  equivalent  for  gas  vessel 
bursts. 

1-2.  3  Example  Calculations 

Example  1.  Calculation  of  Energy 

Let  p  =  1.  013  x  105  Pa  (l  standard  sea  level  atmosphere) 

4  (14.  7  psi) 

p  =  41.  013  x  103  Pa  (595  psi) 


1.  4  (diatomic  gas) 


1.  0  m3  (35.  3  ft3) 


,  <P1  '  Pa} 


Vl*  1 


(41.  013  x  105  Pa  -  1.  013  x  IQ5  Pal  1  m 
1.4  -  1 


1.  00  x  107  J  (1.  34  x  10°  ft- lbf ) 
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Examcle  2.  Calculation  of_Scaled  Distance 

Using  the  same  conditions  as  in  the  previous  example. 


-  r  Pa 


r IP.-X  -  ■)  V.1l/3[/4L. OU.lf-a., 

i  — - : -  \  i  v  in  Pa 


>1'  1 


3  1/3 


\  l.  013  x  105  Pa 
1.4  -  1 


=  0.  216  r  (r  in  m)  '  0.  0658  r  (r  in  ft)  ] 

Example  Calculation  of  Scaled  Impulse 

Let  a  =  331  m/s  {speed  of  sound  at  standard  sea  level  condi¬ 
tions)  (1086  ll/sec). 

For  the  conditions  used  in  the  previous  examples. 

1  aa  _ _  1  <33 1  mis)  . 

*  '  2/3  £l/3  (1<i  013  x  105  Pa)2/3  (1.  00  x  10?)1/3 

*a 


7.  070  x  10‘  I  (1  in  Pa  *  s) 


I 
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CHAPTER  II 

CHARACTERISTICS  OF  PRESSURE  WAVES 
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General 


Explosions  from  liquid  rocket  propellant  accidents  "drive"  air 
blast  waves,  which  can  in  turn  cause  direct  damage  and  can  accelerate 
fragments  or  nearby  objects.  The  launch  pads  at  the  Air  Force  Eastern 
Tost  Range  (ETR)  have  for  a  number  of  years  been  instrumented  with  air 
blast  recorders  to  measure  the  overpressures  generated  during  launch 
pad  explosions,  so  some  data  are  available  on  the  intensities  of  the  blast 
waves  generated.  Such  measurements,  and  the  common  practice  in  safety 
circles  of  comparing  explosive  effects  on  the  basis  of  blast  waves  gener¬ 
ated  by  TNT,  have  led  to  expression  of  blast  yields  of  propellant  explosions 
in  equivalent  "pounds  of  TNT.  "  (Although  a  direct  conversion  of  pounds  of 
TNT  to  energy  can  easily  be  made  --  1  lbm  of  TNT  equals  l.  4  x  10^  ft-lbj 
thi s  is  seldom  done). 

Liquid  propellant  explosions  differ  from  TNT  explosion*  in  a 
number  of  ways,  so  that  the  concept  of  "TNT  equivalence"  quoted  in 
pounds  of  TNT  is  far  from  exact.  Some  of  the  differences  are  described 
below. 

(1)  The  specific  energies  of  liquid  propellants,  in  stoichio¬ 
metric  mixtures,  are  significantly  greater  than  for  TNT 
(specific  energy  is  energy  per  unit  mass). 

(2)  Although  the  potential  explosive  yield  is  very  high  for 
liquid  propellants,  the  actual  yield  is  much  lower,  because 
propellant  and  oxidizer  are  never  intimately  mixed  in  the 
proper  proportions  before  ignition. 

(3)  Confinement  of  propellant  and  oxidizer,  and  subsequent 
effect  on  explosive  yield,  are  very  different  for  liquid  pro¬ 
pellants  and  TNT.  Degree  of  confinement  can  seriously 
affect  explosive  yield  of  liquid  propellants,  but  hat  only  a 
secondary  effect  on  detonation  of  TNT  or  any  other  solid 
explosive. 

(4)  The  geometry  of  the  liquid  propellant  mixture  at  time  of 
ignition  can  be  quite  different  than  that  of  the  spherical  or 
hemispherical  geometry  of  TNT  usually  used  for  generation 
of  controlled  blast  waves.  The  sources  of  compiled  data 
for  blast  waves  from  TNT  or  Pentolite  invariably  rely  on 
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measurements  of  blasts  from  spheres  or  hemispheres  of 
explosive.  Tha  liquid  propellant  mixture  can,  however,  be 
a  ahailow  pool  of  large  lateral  extent  at  time  of  detonation. 

(5)  The  blart  wavea  from  liquid  propellant  exploalons  ahow 

different  charaetc rlatica  aa  a  function  of  diatance  from  the 
exploaion  than  do  wavea  from  TNT  cxploeiona.  Thia  la 
undoubtedly  aimply  a  manifeatation  of  aome  of  the  differ* 
encea  diacuaaed  previoualy,  but  it  doea  change  the  “TNT 
equivalence"  of  a  liquid-propellant  exploaion  with  diatance 
from  the  exploaion.  Fletcher  (Reference  1)  diacuaaea 
theae  differencea  and  ahowa  them  graphically  (see  Figures 
2*1  and  2*2).  Theae  differencea  are  very  evident  in  the 
reaulta  of  the  many  biaat  experiments  reported  in  Project 
PYRO  (References  2*4).  They  have  caused  the  coinage  of 
the  phase  "terminal  yiold",  meaning  the  yield  based  on 
blast  data  taken  at  great  enough  distance  from  the  explosion 
for  the  blast  wavea  to  be  similar  to  those  produced  by  TNT 
exploalonn.  At  closer  diatance,  two  different  yields  are 
usually  reported;  an  overpressure  yield  baaed  on  equiva¬ 
lence  of  side-on  peak  overpressures,  and  an  impulse  yield 
baaed  on  equivalence  of  side-on  positive  impulses. 

Accidents  with  bursting  gas  storage  vessels  also  can  generate 
damaging  blast  waves.  The  characteristica  of  the  blasts  from  these  and 
other  accidental  exploalons  are  reviewed  in  Reference  5,  and  rather 
complete  descriptions  given  of  the  theory  of  such  "non-ideal"  explosions, 
Again,  these  sources  generate  blast  wavea  which  can  differ  significantly 
from  blast  waves  generated  by  condensed  explosives  such  as  TNT,  with 
the  differences  being  greatest  close  to  the  source.  The  trend  is  similar 
to  that  for  propellant  explosions,  i.  e. ,  peak  overpressures  are  less  and 
impulses  are  greater  than  for  "equivalent"  TNT  explosions.  But,  the 
potential  maximum  yield  or  blast  energy  from  gas  vessel  bursts  is  much 
more  apt  to  be  realized  than  for  liquid  propellant  explosions.  The  high 
pressure  gas  already  contains  the  necessary  energy  and  can  be  rapidly 
released  without  the  prior  mixing  and  ignition  required  for  the  propellants. 

However,  let  us  for  the  moment  ignore  the  differences  between 
accidentia)  exploaion*  and  planned  ones,  and  discuss  instead  the  general 
characteristics  of  the  blast  waves  generated  by  any  explosion.  Rolerencns 
6-8  are  good  general  source  references  on  air  blast  waves  and  their 
behavior. 


As  a  blast  wave  passes  through  the  air  or  interacts  with  and  loads 
a  structure  or  target,  rapid  variations  in  prevsure,  density,  temperature 
arid  particle  velocity  occur.  The  properties  of  Mast  waves  which  are 
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NORMALIZED  YIELD 


Figure  2*1.  Normalised  Pressure  end  Impulse  Yields  from 
Explosion  of  N^O^/Aerotlne  50  (Ref.  1) 


Figure  Z-2.  Representative  Shock  Impulses  Showing  Coalescence 
of  Shock  Waves  from  Dissimilar  Sources  [  Stages  (a)  Through  (d) 

(Ref.  1) 


usually  defined  are  related  both  to  the  properties  which  can  be  easily 
measured  or  observed  and  to  properties  which  can  be  correlated  with 
blast  damage  patterns.  It  is  relatively  easy  to  measure  shock  front 
arrival  times  and  velocities  and  entire  time  histories  of  overpressures. 
Measurement  of  density  variations  and  time  histories  of  particle  velocity 
are  more  difficult,  and  no  reliable  measurements  of  temperature  varia¬ 
tions  exist. 

Classically,  the  properties  which  are  usually  defined  and  measured 
are  those  of  the  undisturbed  or  side-on  wave  as  it  propagates  through  the 
air.  Figure  2-3  shows  graphically  some  of  these  properties  in  an  ideal 
wave  (Reference  6). 


Figure  2-3.  Ideal  Blast  Wave 


Prior  to  shock  front  arrival,  the  pressure  is  ambient  pressure  p3. 
At  arrival  time  ta ,  the  pressure  rises  quite  abruptly  (discontinuously, 
in  an  ideal  wave)  to  a  peak  value  P*  +  p0  .  The  pressure  then  decays 
to  ambient  in  total  time  ta  +  T+  ,  drops  to  a  partial  vacuum  of  amplitude 
P  j  ,  and  eventually  returns  to  pQ  in  total  time  ta  +  T+  +  T*.  The 
quantity  P*  is  usually  termed  the  peak  side-on  overpressure,  or  merely 
the  peak  overpressure.  The  portion  of  the  time  history  above  initial 
ambient  pressure  is  called  the  positive  phase,  of  duration  T+  .  That  por¬ 
tion  below  pQ  ,  of  amplitude  Ps  and  duration  T  '  is  called  the  negative 
phase.  Positive  and  negative  impulses,  defined  by 


t  +  T+ 

4  =  I  L  P  (0  *  P0?dt  (2-i) 
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a 

respectively, 

are  also  significant  blast  wave  parameters. 

Ln  most  blast  studies,  the  negative  phase  of  the  blast  wave  is 
ignored  and  only  blast  parameters  associated  with  the  positive  phase  are 
considered  or  reported,  (The  positive  superscript  is  usually  dropped). 

The  ideal  side-on  parameters  almost  never  represent  the  actual  pressure 
loading  applied  to  structures  or  targets  following  an  explosion.  So  a 
number  of  other  properties  are  defined  to  either  more  closely  approxi¬ 
mate  real  blast  loads  or  to  provide  upper  limits  for  such  loads. 

An  upper  limit  to  blast  loads  is  obtained  if  one  interposes  an 
infinite,  rigid  wall  in  front  of  the  wave,  and  reflects  the  wave  normally. 
All  flow  behind  the  wave  is  stopped,  and  pressures  are  considerably 
greater  than  side-on.  The  peak  overpressure  in  normally  reflected  waves 
is  usually  designated  Pr  .  The  integral  of  this  pressure  over  the  positive 
phase,  defined  similarly  to  Equation  (2-1),  is  the  reflected  impulse  lf  . 
Durations  of  the  positive  phase  of  normally  reflected  waves  are  designated 
T r .  The  parameter  Ir  has  been  measured  closer  to  high  explosive  blast 
sources  than  have  most  blast  parameters. 


In  certain  instances,  damage  estimates  involve  P  and  lr  instead 
of  P#  and  lg  .  This  situation  can  occur  when  one  is  examining  the  effect 
of  an  air  burst  on  ground  structures.  The  ground,  in  this  case,  acts  as 
the  most  significant  reflecting  surface.  Reflected  pressures  and  impulses 
are  also  used  in  analyzing  face-on  loading  of  windows  and  structures. 
Fortunately,  reflected  pressure  and  impulse  can  be  calculated  directly 
from  side-on  pressure  and  impulse.  For  values  of  Pr  <_  3.  5  where  Pr 
is  Pr/pQ  (pQ  is  atmospheric  pressure). 
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vhere  P9  =  P8/pG  and  ^_is  the  ratio  of  specific  heats  which  equals 
1.  4  for  air.  For  values  of  Pg  >  3.  5,  Pr  ,  and  subsequently  Pr ,  can  be 
determined  from  Figure  2-4. 

Over  the  range  0.  00141  <.  P#  <.  1.  38,  Tr  (=  Ir  a0/p0 1  /3E 1  /3 ) 
can  be  calculated  from 
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A  real  target  feels  a  very  complex  loading  during  the  process  of 
diffraction  of  the  shock  front  around  the  target.  Figure  2*5  shows 
schematically,  in  three  stages,  the  interaction  of  a  blast  wave  with  an 
irregular  object.  As  the  wave  strikes  the  object,  a  portion  is  reflected 
from  the  front  face,  and  the  remainder  diffracts  around  the  object.  In 
the  diffraction  process,  the  incident  wave  front  closes  in  behind  the  ob- 
ject,  greatly  weakened  locally,  and  a  pair  of  trailing  vorticec  is  formed. 
Rarefraction  waves  sweep  across  the  front  face,  attenuating  the  initial 
reflected  blast  pressure.  After  passage  of  the  front,  the  body  is 
immersed  in  a  time-varying  flow  field.  Maximum  pressure  or.  the  front 
face  during  this  "drag"  phase  of  loading  is  the  stagnation  pressure. 


Scaled  Reflected  Overpressure  Vs  Scaled 
Sidc-on  Overpressure 
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Figure  2-4. 


We  are  interested  in  the  not  transverse  pressure  on  the  object  as 
a  function  of  time.  This  loading,  somewhat  idealized,  is  shown  in  Figure 
2-6  [details  of  the  calculation  are  given  by  Gladstone  (Reference  7)  _* . 

At  time  of  arrival  ta  ,  the  net  transverse  pressure  rises  linearly  from 
zero  to  maximum  of  Pr  in  time  (Tj  -  ta)  (for  a  flat-faced  object,  this 
time  is  zero).  Pressure  then  falls  linearly  to  drag  pressure  in  time 
(T2  *  Tj),  and  then  decays  more  slowly  to  zero  in  time  (T3  -  T2).  This 
time  history  of  drag  pressure  q  is  a  modified  exponential,  with  a  maxi¬ 
mum  given  by 


CdQ  =  CD  .  (1/2)  o#  ug2  (2-6) 


where  C*q  is  the  steady-state  drag  coefficient  for  the  object,  Q  is  peak 
dynamic  pressure,  and  os  and  u5  are  peak  density  and  particle  velocity 
respectively  for  the  blast  wave.  The  characteristics  of  the  diffraction 
phase  of  the  loading  can  be  determined  if  the  peak  side-on  overpressure 
Ps  or  the  shock  velocity  U  is  known,  together  with  the  shape  and  some 
characteristic  dimension  D  of  the  object.  The  peak  amplitude  of  the  drag 
phase  of  the  loading  can  be  determined  if  the  peak  side-on  overpressure 
P#  or  the  shock  velocity  U  is  known,  together  with  the  shape  and  some 
characteristic  dimension  D  of  the  object.  The  peak  amplitude  of  the 
drag  phase,  CpQ.  can  also  be  determined  explicitly  from  Ps  or  u#. 


Figure  2-5.  Interaction  of  Blast  Wave  with 
Irregular  Object 


Figure  2*6.  Time  History  of  Net  Transverse  Pressure 
on  Object  During  Passage  of  a  Blast  Wave 


Because  of  the  importance  of  the  dynamic  pressure  q  in  drag  or 
wind  effects  and  target  tumbling,  it  is  often  reported  as  a  blast  wave 
property.  In  some  instances  drag  impulse  Id  ,  defined  as 


is  also  reported. 


Although  it  is  possible  to  define  the  potential  or  kinetic  energy  in 
olast  waves,  it  is  not  customary  in  air  blast  technology  to  report  or 
compute  these  properties.  For  underwater  explosions,  the  use  of 
"energy  flux  density"  is  more  common  (Reference  9).  This  quantity  is 
given  approximately  by 

,  t  +  T 

E(  -  T'V  |  tP«)  -  P0’2dt  (Z-8) 

o  o  J  t 

a 

Olast  waves  from  real  accidental  explosions  can  differ  in  a  number 
of  ways  from  the  essentially  clean  spherical  waves  considered  in  most 
theoretical  treatments,  and  in  many  field  or  laboratory  experiments.  As 
an  example,  any  explosion  source  which  is  not  spherical  in  free  air  or 
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hemis  phe  rical  in  contact  with  a  reflecting  plane  will  generate  a  blast  wave 
which  is,  at  least  in  its  early  stages,  non- spherical.  The  wave  may  well 
have  an  axis  of  symmetry,  but  requires  definition  in  at  least  two  space 
coordinates  and  time.  Analytically,  the  treatment  of  non-spheriral  waves 
requires  more  mathematical  complexity,  and  experimentally,  measure¬ 
ment  requires  many  more  tests  than  for  spherical  waves. 

The  simplest  type  of  non- spherical  behavior  probably  results  from 
elevation  of  a  spherical  explosion  source  above  a  reflecting  plane  (usually 
the  groe  d).  The  resulting  reflection  process  is  described  in  Baker 
(Reference  6)  and  Glasstone  (Reference  ?).  A  structure  or  target  on  the 
ground  feels  a  double  shock  if  it  is  in  the  region  of  regular  reflection 
close  to  the  blast  source,  or  a  single  strengthened  shock  if  it  is  in  the 
region  of  Mach  reflection.  Even  this  "simplest"  case  of  non- spherical 
behavior  is  quite  complex. 

The  second  type  of  asphericity  is  that  caused  by  sources  which  are 
not  spherical.  Most  real  blast  sources  are  non- spherical,  and  can  be  of 
regular  geometry  such  as  cylindrical  or  block- shaped,  or  can  be  quite 
irregular  in  shape.  Few  analyses  or  experiments  have  been  done  for 
other  than  cylindrical  geometry  of  solid  explosive  sources.  For  cylinders, 
the  wave  patterns  are  quite  complex.  The  pressure-time  histories  exhibit 
multiple  shocks,  and  decay  in  a  quite  different  manner  in  the  near  field 
than  do  spherical  waves.  Fortunately,  asymmetries  smooth  out  as  the 
blast  wave  progresses,  and  "far  enough"  from  most  real  sources,  the 
wave  will  become  a  spherical  wave. 


Other  effects  which  ran  significantly  alter  blast  wave  properties 

are: 

(1)  Effect  of  partial  or  total  confinement. 

(2)  Atmospheric  propagation  effects. 

(3)  Absorption  of  energy  by  ground  shock  or  cratering. 

(4)  Transmission  over  irregular  terrain. 

These  effects  are  often  ignored  or  roughly  approximated  in  safety  studies 
because  they  are  quite  variable  or  can  be  adequately  accounted  for  by  use 
of  simple  safety  factors  or  energy  multipliers.  They  are  discussed  in 
some  detail  in  References  5  and  6. 
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2-2  Pressure  Waves  From  Propellant  Explosions 
2-2.  1  Introduction 

The  characteristics  of  pressure  waves,  particularly  peak  aide-on 
overpressure  and  specific  impulse,  are  used  extensively  in  developing 
damage  estimates  from  propellant  explosions.  This  portion  of  this  chap¬ 
ter  is  therefore  devoted  to  the  calculation  of  pressures  and  specific 
impulses  at  varying  distances  from  a  propellant  explosion  based  on 
methods  given  by  Baker,  et  al^®). 

The  same  terminology  used  in  Chapter  I,  Section  A  for  propellant 
types  and  failure  modes  is  used  in  this  chapter.  Three  different  types  of 
propellanf-oxidizer  combinations  are  considered.  These  are  hypergolic 
(50%  -  50%  UDMH  fuel  and  N2O4  oxidizer  in  a  mass  ratio  of  1/2), 

liquid  oxygen-hydrocarbon  [  Kerosene  (RP- 1)  fuel  and  liquid  oxygen  (LCK) 
oxidizer  in  a  mass  ratio  of  1  /2.  25  ]  ,  and  liquid  oxygen-liquid  hydrogen 
[cryogenic  combination  of  liquid  hydrogen  (Lh^)  fuel  and  liquid  oxygen 
(LO2)  oxidizer  in  stoichiometric  mass  ratio  of  1/5  1.  Three  types  of 
failure  modes  are  considered;  namely,  confined  by  missile  (CBM),  con¬ 
fined  by  ground  surface  (CBCS),  and  high  velocity  impact  (HV1).  If 
needed,  Chapter  1  should  be  consulted  for  a  more  complete  explanation  of 
types  of  propellants  and  failure  modes. 

2-2.  2  Determination  of  Peak  Side -On  Overpressure  and  Specific 
Impulse 

Throughout  the  PYRO  (2-4)  work,  blast  yield  is  expressed  as  per¬ 
cent  yield,  based  on  an  average  of  pressures  and  impulses  measured  at 
the  farthest  distance  from  the  source  when  compared  to  standard  reference 
curves  (Reference  11)  for  TNT  surface  bursts  (terminal  yield).  Hopkin- 
son's  blast  scaling  is  used  when  comparing  blast  data  for  tests  with  the 
same  propellants  and  failure  conditions,  but  different  mass  of  propellant. 
So,  the  blast  parameters  P  (peak  side-on  overpressure)  and  I/W*^ 
(scaled  impulse)  are  plotted  as  functions  of  R/W*/3  (scaled  distance), 
after  being  normalized  by  the  fractional  yield.  This  procedure  is  equiva¬ 
lent  to  determining  an  effective  mass  of  propellant  for  blast  from: 


W 


W  x 
T  100 


(2-9) 


where  is  total  mass  of  propellant  and  oxidizer,  Y  is  terminal  blast 
yield  in  percent  and  W  is  effective  mass  of  propellant.  Because  the  data 
are  normalized  by  comparing  to  TNT  blast  data,  the  effective  blast  energy 
E  can  be  obtained  by  multiplying  W  by  the  specific  detonation  energy  of 
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TNT,  4.  18  x  106  J/kg  (1.4  x  106  ft  lbf /lb^).  Baker's*10)  smoothed 
curves  through  the  scaled  PYRO  blast  data,  and  Equation  (2-9)  will  be 
used  to  obtain  blast  wave  properties  for  particular  combinations  of  pro¬ 
pellants  and  simulated  accidents. 

Table  2-1  contains  the  different  propellant  failure  mode  combina¬ 
tions  under  consideration  and  the  figure  numbers  of  the  graphs  (following 
Table  2-1)  needed  to  determine  peak  side-on  overpressure  and  scaled 
specific  impulse  as  a  function  of  scaled  distance  for  each  accident  situa¬ 
tion.  The  procedure  for  finding  peak  side-on  overpressure  and  specific 
impulse  are  as  follows: 


(1)  Calculate  terminal  yield  Y  using  methods  discussed  in 
Chapter  1,  Section  A. 


(2)  Determine  W,  effective  mass  of  propellant  and  oxidizer, 
from  Equation  (2-9). 


(3)  Choose  a  specific  standoff  distance  R  from  the  center  of 

the  anticipated  blast  and  calculate  scaled  distance  R/W1^. 


(4)  Examine  Table  1  and  acquire  the  proper  figure  numbers  for 
finding  peak  side-on  overpressure  P  and  scaled  impulse 
I/W1'3  for  the  particular  propellant /oxidizer  and  failure 
mode  under  consideration. 

(5)  Determine  P  from  the  appropriate  Pressure  versus  Scaled 
Distance  curve  and  the  predetermined  scaled  distance. 

1  /3 

(6)  Determine  I/W  from  the  appropriate  Scaled  Positive 
Impulse  versus  Scaled  Distance  curve*  and  the  predeter¬ 
mined  scaled  distance. 


(7)  Calculate  specific  impulse  I  from  scaled  positive  impulse 
I/W1/3. 


i; 


A  word  of  explanation  will  help  clarify  the  meaning  of  the  central  solid 
line  and  shaded  area  of  the  graphs.  The  shaded  portion  represents  actual 
data  from  propellant  blasts.  The  central  solid  line  is  an  estimate  of  the 
most  likely  occurrence  and,  for  most  cases,  is  the  recommended  choice. 
The  vertical  distance  between  the  two  dashed  lines  at  any  abscissa  is  a 
measure  of  the  data  spread,  or  uncertainty  in  a  prediction  from  the  solid 
line. 
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TABLE  2-1.  GUIDE  TO  SELECTION  OF  PROPER  GRAPHS  FOR  THE 
DETERMINATION  OF  PRESSURE  AND  SPECIFIC  IMPULSE 

Scaled 


Type  of 

Propellant  U  Oxidizer 

Type  of  t  cider, t 
(Failure  Modr  i 

Peak  Side-On 
Overpressure (P) 

Impulse 

(I/W*/3) 

Hyperbolic 

CBM 

Figure 

2-7 

Figure  2-8 

(sor.  n2h4 

50%  UDMH/N204) 

CBGS 

Figure 

2-7 

Figure  2-8 

HVI 

Figure 

3-9 

Figure  2-8 

Liquid  Oxygen- 

CBM 

Figure 

2-10 

Figure  2-11 

Hydrocarbon 

<lo2/rp-i) 

CBGS 

Figure 

2- 12 

Figure  2-12 

I1VI 

Figure 

2-  12 

Figure  2- 1 3 

Liquid  Oxygen- 

CBM 

Figure 

2-H 

Figure  2-15 

Liquid  Hydrogen 

<lo2/lh2) 

CBGS 

Figure 

2-16 

Figure  2- 17 

HVI 

Figure 

2- 16 

Figure  2-17 
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Q0  2  4  6  8 

SCALED  DISTANCE  R/W!/3  m/kg1^ 

I  psi  -  Pa  X  1.4  50  X  in" 4  , 

(  ft/lb1  73  =  m/kg1^3  X  2.  521  ) 

m 


Figure  2-7.  Pressure  vs  Scaled  Distance.  Hypergolic 
Propellant;  CMB  and  CBGS  Failure  Modes. 


SCALED  POSITIVE  IMPULSE  I  /W  \  pascal  -sec/  kg 


6  8  10'  i,  i 

SCALED  DISTANCE  R/W  '3,  m/kg  '3 


(  p»i-  *ec  /lb^^  i  Pa  •  a  /kg*  ^  X  1.114  X  10  *  ) 

(  ft  /lb1  /3  r  .-n/kg'^  X  2.  521  ) 
m 


Figure  2-8.  Scaled  Positive  Impulse  vs  Scaled  Distance 
Hypergoiic  Propellant;  CBM,  CBGS  and  HVI 
Failure  Modes. 


PEAK  OVERPRESSURE  P.  pascal 


1.  .  V,  ■  '.I 


Figure  2-10.  Prtiiure  vs  Scaled  Distance.  LO2/RP 
Propellant;  CBM  Failure  Mode. 
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SCALED  POSITIVE  IMPULSE  I /W  '  pascal-sec/kg 


PEAK  OVERPRESSURE  P,  psi 


4  6  8  10°  2  4  6  8  101 

SCALED  DISTANCE  R/W1'3,  m/ky1/3 

(  p»i-»ec/lb,/3  =  P».  »/kgl/3  X  1.  114  X  10*4  ) 
m 

(  £t/lb,/3  =  tn/kg1/3  X  2.521  ) 
m 


Figure  2-13.  Scaled  Poaitive  Impulae  va  Scaled  Diatance. 
LO  /RP-I  Propellant;  CBGS  and  HV1  Failure  Modea. 


PEAK  OVERPRESSURE  P.  pascal 


(  pii  =  P*  X  I. <50  X  10'4  ) 


2 


2 


4  6  8  1Q0 


4  6  8  101 


1 /,  1/, 

SCALED  DISTANCE  R/W  3,  m/kg  3 


(  p*i  =PlX  1.450  X  10'4  ) 

(  rt/lb1  /3  =  m/kg1/3  X  2.  521  ) 
m 

Figure  2-16.  Pressure  vs  Scaled  Distance.  LO?/LH 
Propellant;  CBC-S  and  HV1  Failure  Modes. 


SCALED  POSITIVE  IMPULSE  t  /W  y,  pascal-sec / kg 


4  6  8,00 


4  6  8  1 


SCALED  DISTANCE  R.'In's,  m/kg 


(  psi-sec/lb^  ^3  =  pa  .  e  /kg^  ^3  X  1.  114  X  10  ) 

m 


(  ft/lb^/3  =  m/kg,/3  X  2.  521  ) 


Figure  2-17.  Scaled  Positive  Impulse  vs  Scaled  Distance 
LO,/LI-L  Propellant;  CBCS  and  HV1  Failure  Modes. 
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2-2.  3  Examples  for  Determining  Peak  Side-On  Overpressure  and 
Specific  Impulse 

The  problems  which  follow* are” continuations  of  some  of  the  example 
problems  started  in  Chapter  I,  Section  A. 

Example  1:  (Continuation  of  Example  1  of  Chapter  l,  Section  A) 
Propellant-Hyperbolic 

Combined  mass  <;f  propellant  and  oxidizer- 10,  000  kg  (22,  000  lbm) 
Failure  mode  -  CBM 

5tandoff  distance  R  (assumption)  -  50  m  (164  ft) 

Solution: 

(1)  Terminal  yield  y  =  0.  8%  (See  Example  1  of  Chapter  I, 
Section  A  for  calculations) 


<2)  W  =  WT  X  — 
W  =  10,  000  kg  X 


0.  8% 


W  =  80  kg  (176  lb  ) 
m 


(3)  Scaled  distance  R/W1/3  =  50  m/(80  kg)1  /3  =  12m/kg1/3 

(4)  Table  2-1  indicates: 

Acquire  P,  peak  pressure,  from  Figure  2-7. 

Acquire  I/W^3,  scaled  impulse,  from  Figure  2-8. 

(5)  F  rom  Figure  2-7,  P  =  8.  2  x  104  Pa  (11.  89  psi) 

(6)  From  Figure  2-8,  I/W^3  =  27  Pa^s/kg1^3 


(7)  I 


\  w1/3 


*  /  ■»  ^ 

(W  )  =  i  16  Pa1  s  ( 1.  682  x  10  psi/scc) 


Kx.titml  i  2:  (Continuation  of  Example  I  of  Chapter  I,  Section  A) 

I  *  rupe  llan  t  and  oxidizer  LO^/RP-  l 
Combined  mass  of  propellant  and  oxidizer-  150,  000  kg 
(330,  000  lbm) 


24 


w 


U| 

$ 

Si 

I 

$ 

*• 

£' 


r* 


( 


if 

r 
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Failure  mode  *  CBGS 

Impact  velocity  (assumption)  -  10/ms  (32.8  ft/sec) 
Ignition  time  (assumption)  -  0.  5  seconds 
Standoff  distance  TasFumption)  *  tOO  m  (328  ft) 

Solution: 


(1) 

(2) 


Terminal  yield  y  =  6.  25%  (See  Example  4  of  Chapter  I, 
Section  A  for  calculations). 


W  *  WT  *  7oO% 


W  =  150,  000  kg  x 


6.  25% 
100% 


W  =  9375  kg  (20.  600  lb^) 

(3)  Scaled  distance  R/W*^3  =  100  m/(9375)^3  =  4.7  m/kg'^ 

(4)  Table  2-1  indicates: 

Acquire  P,  peak  pressure  from  Figure  2*12. 

1  /  3 

Acquire  1/W  ,  scaled  impulse  from  Figure  2-13. 


(5) 

(6) 

(7) 


F  rom  Figure  2-12,  P  =  3. 8x10  Pa(5.5  psi) 
From  Figure  2-13,  I/W*  3  =  55  Pa-  s/kg*^3 


;  — I — 

\  wi/3 


(W1/3)  =  1160  Pa- s  (0.  168  psi/sec) 


Example  3:  (Continuation  of  Example  5  of  Chapter  I,  Section  A) 


Propellant  and  oxidizer  -  LO^/LH^ 

Combined  mass  of  propellant  and  oxidizer- 10,  000  kg  (22,  000  lb  ) 
Failure  mode  -  HVI 

Impact  velocity  (assumption)  -  40  m/s  (131  ft/sec) 

Type  of  surface  impacted  -  hard 

Standoff  distance  (assumption)  -  100  m  (328  ft) 

Solution: 


(1)  Terminal  yield  y  =  30%  (See  Example  5  of  Chapter  I, 
Section  A  for  calculations) 
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(2) 


(3) 

(4) 


(5) 

(6) 
if) 


W 


x 


— 1 _ 

100% 


W  =  10,000-kg-x^  -.  - 

W  =  3000  kg  (6600  lb  ) 

“  m 

Scaled  distance  R/W*^3  =  100  m/(3000  kg)*^3  =  6.9  m/kg*^3 
Table  2*1  indicates: 

Acquire  P,  peak  pressure,  from  Figure  2-16. 

Acquir  i/W*^3f  scaled  impulse,  from  Figure  2-17. 

From  Figure  2-16,  P=  2.  2  x  104  Pa  (3.  19  psi) 

From  Figure  2-17,  I/W  *  ^3  =  45  Pa-  s /kg ‘ ^3 

1  =  -y  ,;-  (W1/3)  =  649  Pa-  s  (9.  41  x  102  psi/sec) 

W1' 


2-3  Pressure  Waves  From  Gas  Vessel  Bursts 

Application  to  spherical  vessels  will  be  discussed  first, 

2-3.  1  Overpressures  for  Various  Gases  and  Initial  Conditions 

The  overpressure  versus  distance  relationship  for  a  bursting  gas 
vessel  Is  strongly  dependent  upon  the  pressure,  temperature,  and  ratio  of 
specific  heats  of  the  gas  in  the  vessel.  For  high  pressures  and  tempera¬ 
tures,  relative  to  the  air  outside  the  vessel,  the  overpressure  behavior  is 
much  like  that  of  a  blast  wave  from  a  high  explosive.  On  the  versus  R 
graph  (Figure  2-18),  the  curvts  for  higher  pressures  and  temperature  are 
located  near  the  high  explosive  curve.  The  curves  for  lower  pressures 
and  temperatures  lie  larther  from  the  high  explosive  curve. 

The  procedure  for  relating  overpressures  and  distance  from  •he 
•iourci-  of  a  gas  vessel  burst  is  the  following:  Dctcrm-ne  the  starting 
ov i  i- pre s sure  and  distance.  Locate  this  point  on  a  P  versus  K  graph. 
(Figure  .’.-IH).  Follow  the  nearest  curve  on  thin  graph  lor  the  overpressure 
versus  distance  behavior.  Choose  the  It  of  interest,  anu  read  1-  Iruni  the 
proper  curve.  Alternatively,  one  can  choose  a  value  for  1J5  and  Locate  the 
corresponding  Tf.  For  It  greater  than  about  2,  Figure  (2-19),  P*  versus  R 


for  pi-ntolite  (a  high  explosive)  ^  can  be  used  as  an  upper-  limit  for  -P- 
For  a  given  |>j/pa,  T  ]  /Ta  .  and  v  j,  Pso .  the  nondimensional  starting 
shock  overpressure  can  be  read  from  one  of  the  graphs  in  Figure  2-20 
and  2-21.  For  diatomic  gases,  such  as  air,  ,  andH^,  let  Vj,  equal 
I .  .  For  monatomic  gases  such  as  He,  let  Yj.  =  1.667.  The  nondimen¬ 
sional  starting  distance  RQ  is 


R 


4r  I  hJ'  \ 


1/3 


(2-11) 


Vl-  1 


Locate  RQ  and  PSQ  on  the  graph  of  Pg  versus  R  as  in  Figure  2-22.  __ 

This  is  the  starting  point.  Follow  the  nearest  curve  for  the  Ps  versus  R 
behavior.  The  Pg  versus  R  curves  in  Figure  2-18  are  accurate  to 
about  -  20*0. 


R. 


To  determine  the  overpressure  at  a  given  distance,  first  compute 


1 


pl  *  n 
p*  / 

V," 

V‘ 

1/3 


(2-12) 


where  r  is  the  distance  from  the  center  ox  the  vessel,  and  Vj  is  the 
volume  of  the  vessel  before  it  bursts. 

Then,  read  P  from  the  proper  curve.  Compute  the  overpressure: 
3 


pu  -P 


£  ,  then  po  -  pa  =  pg  Pa  .  The  quantity  pspa  is 


s*  a 


the  overpressure. 

To  determine  the  distance  at  which  a  given  overpressure  will  be  ob¬ 
served,  compute  "F  from  tint  gi.-en  p  -  p  : 

S  S  3. 


> 
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Figure  2-20.  Kernel  Tempera!  11  re  vs  Kernel  Pressure 
In  r  ('on h( a nl  P  ,  V  .  =  1.4 
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2.  3.  2  Specific  Impulses  for  Various  Gases  and  Initial  Conditions 


R  relationship 
in  the  rang*  of  10*  *  to 


For  the  burst  of  a  pressure  vessel,  the  I  versus 
in  Figure  2-23  or  2-24  should  be  used.  For  R 

10®  ,  the  1  versus  R  curve  in  Figure  2-24  is  more  convenient.  This  is 
an  enlargement  of  part  of  Figure  2-23.  These  curves  are  accurate  to 
about  ±  25%.  For  a  given  distance,  R  is  calculated,  and  I  is  read  from 
Figure  2-23  or  2-24.  Then  1  is  calculated.  Alternatively,  one  can 
choose  a  maximum  acceptable  specific  impulse  and  find  the  minimum 
distance  at  which  the  specific  impulse  is  less  than  this  value. 


Example: 

A  spherical  pressure  vessel  of  radius  1.  0  m  (3.  3  ft)  containing 
air  (yj  =  1.4)  bursts  in  a  standard  sea  level  atmosphere.  The  inside 
gas  pressure  is  1.  013  x  10^  Pa  (147  psi)  and  the  temperature  is  300  K 
80°F).  There  are  no  reflecting  surfaces  nearby.  Find  the  peak  over¬ 
pressure  and  specific  impulse  at  a  distance  of  5.  0  m  (16.  4  ft)  from  the 
source. 


Solution  for  peak  overpressure: 

RQ  and  R  for  the  distance  of  interest  are  calculated,  Pi0 ,  the 
starting  peak  overpressure  is  obtained  from  Figure  2-20.  The  correct_ 
curve  is  located  in  Figure  2-18  and  Pg  is  read  from  the  graph  for  the  R 
of  interest. 


(2-16) 


1.  013  x 

1.  013  x 
1.  4 


J _ 

106  Pa 

IQ5  Pa 
-  1 


1/3 


=  0.2197 


V 
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I 


R  (at  r  =  5.0  m) 


Vl-  1 


(2- 17) 


5.  0  m 

_ _ 1.  0  m 

1.  013  x  106  Pa 

U  013  x  iOS  Pa 
1.4-1 


1.  099 


For  p,/pa  =  10  and  T  j  /T&  1.  _PSf>  =  1.  7  (Figure  2  -  20). 

Looking  at  Figure  2-18.  this  point  (Rc  ,  ]_ falls  near  the  third  curve 

from  the  bottom.  Following  this _curve,  for  R  =  1.099,  "P3  =  0.2b. 
Since  Pa  -  Pa  .  P3  -  Pa  =  PS  Pa  s  <°-  26>  013  *  10  Pa>  s 


2.  6  x  10  Pa  (3.  77  psi). 

Solution  for  specific  impulse: 

The  R  of  interest  has  been  calculated  above.  Read  I  for  this  R 
from  Figure  2-23. 

For  R  =  1.099.  I  =  0.  046  (Figure  2-23). 


Since  I  s 


2/3  1/3 

P,  E 


-  P, 


2/3  1/3 


I  =  I 


(2-18) 


E  =  /Pi  -  Pa  \  V. 


1.013  x  106Pa  -  1.  013  x  loVa 
1.4-1 


(2- 19) 


x  ~  (1. 0  m)3  -  °.  99  x  10°  J 


V  . 


5  2/3 

(0.  046)  (L,  013  x  10  Pal  ' 
331  m  /s 


{9.  28  x  10  psi- sec) 


55  x  106J11/3 


=  64  Pa- s 


(2-20) 


2-3.3  Cylindrical  Vessel 

For  a  cylindrical^vessel,  given  the  length  L  and  the  diameter  D, 

use  its  volume  (V^  =  ~~~ —  L)  in  the  equations  above,  performing  the 

calculations  as  for  a  spherical  vessel.  After  Ps  and  I  have  been  deter¬ 
mined,  further  corrections  are  necessary.  For  T£  less  than  about  0.  3, 
the  calculated  overpressure  should  be  multiplied  by  a  factor  of  4  or  5. 

For  R  near  1.  0,  the  factor  is  1.  6.  For  R  greater  than  about  3  5, 
multiply  the  calculated  overpressure  by  about  1.  4.  For  R  less  than 
about  0.  3,  the  calculated  specific  impulse  should  be  doubled.  For  R 
near  1.  0.  the  factor  is  about  1.  1.  For  R  greater  than  about  1.6,  no 
correction  to  the  specific  impulse  is  necessary.  The  difference  between 
spherical  and  cylindrical  vessel  bursts  is  only  known  qualitatively. 
Therefore  these  corrections  are  very  crude. 

2-3.4  Ground  Burst 

The  method  described  above  is  to  be  used  for  gas  vessel  bursts  far 
from  any  reflecting  surfaces.  If  there  is  a  reflecting  surface  adjacent  to 
the  gas  vessel,  such  as  with  a  gas  vessel  on  the  ground,  multiply  Vj  ,  the 
volume  of  the  vessel,  by  a  factor  of  2.  Use  this  new  V-  in  the  calculations. 
Also,  once  P5  has  been  calculated,  increase  it  by  100To  for  R  less  than 
about  1,  and  by  10%  for  R  greater  than  1.  After  I,  has  been  calculated, 
increase  il  by  60%  for  R  less  than  about  1.  There  is  little  effect  for 
longer  distances.  Only  qualitative  effects  are  known,  and  therefore  these 
corrections  are  very  crude. 
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APPENDIX  U. .  A 


CAS  VESSEL  BURST 


2\-l. 


Nondimeneional  Parameters 


A  model  analysis  wji  perfo.,  lor  the  pressurized  ^as-iilled 
vi* ssel  burst.  The  following  dimensionless  parameters  were  obtained: 


la 

_ A _ 

2/3  1/3 

P,  F 


•  perlite  impulse 


(2A*1) 


peak  shock  overpressure 


(2A-  2) 


distance 


(2a-3) 


2A-i.  Souri  n  v*  Data 

The  data  which  were  uued  In  the  shock  overpressure  and  specific 
Impilst;  i  r.lc'ilations  urc  generated  mime  rically  •> :  a  finite-difference 
computer  piogram  In  whi'  h  the  onc-dlmenslonai  (spherical  coordinates) 
unstridy  equations  of  consc (  vatiem  of  in  ana,  triornentt./n,  and  energy  in 
Liif;ratq;tAn  form  are  solved  Cor  a  perfect  k.k.  Artificial  viscosity  is  used 
tv  smooth  the  shock  wave  i.  <Z> 

Previously,  othor  invmitigiUo/ *  hue  uned  numerical  methods  to 
i  ah  ul a lc  the  flow  field  variable*  ,t(t  «■  r  the  hunt  of  a  pressurized  sphere, 
Mutiny  mid  Chou  used  (hi  llnrtrec  method  <■(  characteristics  with  Kanklnc- 
M'UJuiilot  jump  i  uiuil' Ions  *i.rnu  the  shocks,^')  Hoycr,  et  si,,  used  a 
imtiirtliul  iiroyrsru  similar  to  tin  one  uued  here  and  compared  their  t  e  • 
•,i/lt*  to  e-epr i  imentai  dsto  chtalm'd  by  breaking  glass  s[iheres  pressurized 
wph  Air,  He,  and  I'.ielf  v.itur.-s  of  noncli  iiensiunat  Impulse  versus 

'll  s»  a  n  i- e  tti  I',  well  wllhtloui  calculated  heir. 
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TABLE  2A-1.  INITIAL  CONDITIONS  FOR  PRESSURE 
SPHERE  BURSTS 
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1.  4 
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5 

50 

1.  4 

5 

10 

0.  5 

1.4 

6 

10 

50 

1.  4 

7 

100 

0.  5 

1.4 

8 
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50 

1.  4 
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50 

1.4 

10 
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50 

1.  4 

A 

94.  49 

I.  0 

4 

B 

94.  49 

1.  167 
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94.  49 

0.  84 
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37000 

0.  5 

1.  i 

12 

37000 

5 

1.  4 

13 

37000 

10 

1.  4 

14 
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J 

1.  4 

15 

1000 

4 

1.  667 

16 

1000 

0.  5 

1.  4 

17 

5 

5 

1.  4 

18 

22 
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1.  4  (Ref.  4) 

Z A-'!.  On  i-  .rebsurc  Calculation 

The  P  vc r aim  R  data  were  p I ot l e <1  fur  itv oral  sets  of  initial 
conditions,  and  tt  was  found  that  the  Pf  versus  K  curves  for  high 
prebbure  Lurt»in  pass  through  the  curves  lor  lower  pressures  (so* 

Figure  2A-I  ).  ('I  here  1;.  some  rros-Jing  of  the  ■  urveh  but  bcune  of  this 

is  uuc  to  inaccuracy  in  the  computer  program).  Therefore,  if  a  nun -her 
oi  i  nr/i"i  were  generated  (or  high  vessel  pressures  and  various  tempera- 
tuii  ,  tli  1  versus  (1  he  havio i  fez  r  Ini r  Kl  i.  at  lowe  r  pressor  j  r  t  old  In' 

■II  I  ••  r  1111  In  <  I  by  I  I  I  ■  <  I  I  I .  ,  ■  till-  l.t.lltllll'  pOlIll  (|tf  ,  TJ  )  Ol  -1  )0W(  I  pit  :.  Still 

I/O  c  si  a  in  I  I  ul  low  i  n  g  tin  i  it- ,  i  r  i-  hI  I '  vrrsu»  <  in  v  c  .  f  1  ^  I  In-  c  u  r  -  ■  In 

I  i gore  )  of  '.In-  text  were  drawn  based  upo’i  the  mr  ■»■-<  in  I'gure  ZA,  1 

-if  tin-  -i  |ipi- lull  a  .  'I  Ini  r  uii  i-rl.iiot)-  sin, old  not  t-e  i  i.  s  no  >  eil  ti,  I,.-  lens  than 
eii  i 
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The  starting  distance  RQ  corresponds  to  the  surface  of  the  vessel 
before  it  bursts,  where  (r/rQ)  =  1. 
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^  P  j  \ 
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Then  R 
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P  is  obtained  by  use  of  the  shock  tube  equation: 

SO 
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Hi 
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D  T  *— 

The  M  versus  _ 1  versus  Pg  graphs  (Figures  2-20  and  2-21  in 


the  text)  were  obtained  from  this  equation. 


2A-4  Impulse  Calculation 

r  + 

Specific  impulse  is  calculated  as  1  =  J  (p  -  pa)  dt,  where  + 

denotes  the  positive  phase  of  the  pressure  wave.  See  Figure  2A-2. 

The  I  versus  R  data  were  plotted  for  several  sets  of  initial 
conditions  (Figure  2A-3  ).  For  R  less  than  about  0.  5,  the  behavior 
is  not  clear,  and  a  maximum  I  was  chosen  for  the  I  versus  R  relation¬ 
ship  in  Figure  2-23  of  the  text.  For  R  greater  than  about  0.  5.  all  of 
the  curves  lie  within  about  25%  of  the  high  explosive  (pentolite)  curve. 

The  pentolite  curved  was  therefore  chosen  as  the  best  I  versus  R 
curve  in  this  region. 

’A- 5  Effect  of  Cylindrical  Geometry 

This  analysis  can  be  used  for  bursts  for  cylindrically  shaped 
pressure  vessels  if  the  volume  V.  is  known.  The  cylinder  is  treated  as 
an  "equivalent  sphere"  with  same  energy  as  the  given  cylinder. 

Besides  the  energy  in  the  vessel,  its  orientation  with  respect  to 
the  target  is  important.  Qualitative  relationships  between  Pg  and  1 
and  the  angle  between  the  location  of  the  target  and  the  longitudinal  axis 
of  the  vessel  can  be  observed  from  the  high  explosive  data  in  Reference  r>. 
However,  this  angular  orientation  is  usually  unknown,  and  the  "worse 
case"  must  be  assumed.  Then,  the  peak  overpressure  will  be  greater 
than  that  calculated  for  a  spherical  vessel  for  all  R.  The  specific  impulse 
would  also  be  greater  in  the  near  field. 

2A-6  Effect  of  Reflecting  Surface  (Burst  at  Ground  .Level) 

In  this  analysis,  it  was  assumed  that  the  vessel  buret  occurs  far 
away  from  any  reflecting  surface.  To  apply  this  to  a  burst  occurring  on 
the  ground,  assume  that  twice  as  much  energy  is  released,  implying 
that  the  volume  of  the  vessel  is  doubled.  The  reason  for  this  is  illustrated 
in  Figure  2A-4.  In  (a),  all  of  the  energy  is  released  aoovc  the  reflecting 
ground  surface.  In  (b)  one-half  of  the  energy  is  released  above  the  re¬ 
flecting  ground  surface,  and  onc-half  of  the  ene>  ny  13  rcleajed  belo*.  For 
a  point  P  located  above  the  ground  surface  to  experience  the  same  blast 
wave,  the  energy  in  vessel  B  must  be  twice  the  enrrgy  in  vessel  A,  For 
the  same  pressure  and  rai'.o  of  specific  heats  of  tht  gas,  the  volume  of 
vessel  B  must  be  twice  the  vessel  A,  The  situation  in  (b)  Is  rhosen  t>u- 
causc  the  analysis  requires  a  spherically  symmetric  flu.v  (ieid. 
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Figure  2A-2.  p  vs  t 


In  addition  to  the  effect  upon  the  effective  energy  released,  the 
presence  of  the  ground  surface  must  be  accounted  for  in  another  way. 

Data  in  Reference  d  indicate  that  the  peak  overpressure  should  also  be 
doubled  near  the  source  of  the  burst,  and  this  factor  should  be  decreased 
to  unity  in  the  far  field.  Those  tests  were  conducted  with  high  explosives, 
•».\d,  thus,  only  allow  a  qualitative  description  for  pressure  bursts,  but 
it  can  be  concluded  that  tho  overpressure  woutd  be  greater  for  a  sphere 
burst  on  the  ground  than  would  be  expected  from  initial  source  energy 
considerations  alone.  The  specific  impulse  would  also  be  higher,  at 
least  in  the  near  field. 


2  A-< 


.  V  . 


•  p 


VESSEL 


GROUND  SURFACE 


( a  )  Spherical  vessel  setting  on  ground  surface 


.  p 


(  b )  Spherical  vessel  bisected  by  ground  plane 
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SYMBOLS 

a  speed  of  sound 

D  diameter  of  cylini  r 

E  energy  in  pressure  vessel 

I  specific  impulse 

I  nondimen sional  specific  impulse 

L  length  of  cylinder 

p  pressure 

Ps  nondimensional  overpressure 

P  starting  nondimensional  overpressure 

so 

r  distance  from  center  of  vessel 

R  radius  of  sphere 

R  nondimensional  distance 

r  radius  of  spherical  vessel 

o 

t  time 

T  temperature 

V  volume  of  vessel  before  burst 

i 

y  ratio  of  specific  heats 

o  decay  constant  of  pre9sure-time  curve 

SUBSCRIPTS 
a  ambient  conditions 

s  behind  shock  wave 

1  inside  vessel  before  burst 
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EFFECTS  OF  PRESSURE  WAVES 


3-1  Damage  Estimates  to  Structures 

Previous  sections  have  shown  how  to  predict  the  peak  free  field 
side-on  overpressure  Ps  and  side-on  impulse  is  at  various  locations 
around  an  accidental  explosion.  In  this  section,  we  show  how  to  relat.- 
these  two  loading  parameters  to  structural  damage  to  buildings  and  ve¬ 
hicles  in  the  vicinity.  Before  this  discussion  proceeds,  the  reader  must 
decide  what  constitutes  damage.  For  example,  is  breakage  of  glass  and 
some  damage  to  ceilings  an  acceptable  or  unacceptable  level  of  damage  ? 
Or,  can  you  accept  minor  structural  damage  with  partitions  distorted 
and  joinery  wrenched  from  fittings  ?  On  the  other  hand,  might  the  target 
structure  be  dangerous  to  inhabit  with  the  roof  partially  or  totally  col¬ 
lapsed,  at  least  partial  damage  to  one  or  more  external  walls,  and  some 
failed  load-bearing  structural  members?  Or,  can  one  tolerate  the 
building  being  S OTc  to  75^  completely  demolished?  There  is  no  one 
answer  to  what  level  of  damage  is  acceptable.  The  engineer  must  decide 
for  himself.  If  buildings  are  or  can  be  inhabitated  by  many  people,  ti.e 
levels  of  damage  should  perhaps  be  low’,  while  greater  damage  to 
individual  dwellings  could  be  tolerated. 

Because  different  modes  of  response  (or  types  of  damage)  must  be 
considered,  various  solutions  must  be  considered.  The  first  solution 
deals  with  glass  breakage.  It  yields  a  procedure  for  predicting  the  thres¬ 
hold  of  breaxace  of  glass  of  various  thickness  and  spans.  The  second 
solution  is  a  curve  fit  to  bomb  damage  data  compiled  by  the  British  at  the 
end  of  World  War  II.  Although  this  curve  fit  was  developed  for  a  standard 
dwelling,  it  is  also  used  for  factories,  main  offices,  and/or  main 
engineering  shops  without  introducing  significant  error.  Three  different 
empirical  pressure  versus  impulse  diagrams  will  be  presented- -the  tirst 
is  for  minor  structural  damage  involving  wrenched  joints  and  partitions, 
the  second  is  for  major  structural  damage  with  load  bearing  members  at 
least  partially  destroyed,  and  the  third  is  for  to  7biro  of  the  building 
demolished.  These  results  yield  general  guidelines  when  accurate 
structural  details  are  unknown.  The  third  solution  is  for  o  rerturning  a 
bus.  truck,  mobile  home,  missile  on  the  launch  pad,  or  other  marcir.aliy 
stable  target  subject  to  toppling.  The  fourth  and  fifth  solutions  are  for 
the  initiation  of  yielding  (the  start  of  permanent  deformation)  in  either 
beam  or  plate  structural  components.  The  beam  elements  can  have 
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various  support  conditions.  Plate  elements  can  be  either  simply- 
supported  '  or  clamped.  These  generalized  solutions  car.  be  applied 
whenever  the  response  of  a  structure  looks  critical  and  structural 
details  are  known  in  sufficient  detail  to  override  the  Second  empirical 
solution  based  upon  bombs  da  laging  British  residences.  These 
generalized  beam  and  plate  solutions  can  be  applied  to  many  types  of 
structures:  cranes,  frames,  powerlinc  towers,  and  components  of 
houses  and  buildings.  Each  of  the  solutions  will  now  be  presented. 


3-  1.  1  Breakage  of  Glass 

The  threshold  applied  pressure  Pr  for  breaking  glass  can  be 
determined  from  Equation  (3-1). 
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(3-1) 


where 

:  =  yield  stress  of  glass  '  use  Equation  (3-2)  1 

y 

h  =  thickness  of  glass 

X  -  short  half  span 

Y  -  long  half  span 

Pr  =  threshold  applied  maximum  reflected  pressure 

(The  equation  is  valid  for  any  self-consistent  set  of  dimensions).  Equa¬ 
tion  (1-  1)  works  for  either  sheet  or  plate  glass.  The  yield  stress 
tor  glass,  however,  is  not  a  simple  material  property,  as  in  steel  or 
other  metals.  The  strength  of  glass  is  related  to  flaws  which  arc  both 
statistical  in  nature  and  a  function  of  thickness.  Although  a  complete 
theory  of  the  kinematics  of  flaw  behavior  is  not  possible,  the  effective 
yield  poinL  for  glass  can  be  approximated  by  Equation  (3-2). 


Simple  support  boundary  conditions  imply  restriction  of  displacements 
at  the  boundaries,  but  no  restraint  on  rotations. 
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.  _ _ The  parameter  P  in  Equation  (3-1)  ia  the  peak  applied  load,  and 

not  the  side -on  free  field  overpressure  Ps  .  For  weak  shocks  with 
Ps  <  10  kPa  that  strike  a  wall  head-on,  Pr  equals  2.  0  Ps  .  For  all 
shocks  with  flow  parallel  to  a  wall,  Pr  equals  Ps  .  In  general,  the  ratio 
Pr/Ps  is  a  complex  function  of  both  shock  strength  Ps  and  the  angle  of 
incidence  a.  Figure  3-1  can  be  used  to  estimate  Pr  from  P^  and 
under  ambient  sea  level  atmospheric  conditions.  An  o  of  Q0  in 
Figure  3-1  means  that  the  flow  is  parallel  to  the  wall.  All  pressures  in 
Figure  3-1  and  this  analysis  are  overpressures  and  not  absolute  pressures. 

To  illustrate  the  use  of  this  solution,  assume  that  a  building  has 
glass  windows  with  panes  that  are  1.  0  by  1.  5  x  0.  01  meters  (3.  28  by  4.  92 
by  0.  0328  ft).  Equation  (3-2)  indicates  that  the  yield  stress  -  equals 
10+8  pa  (1.43  x  10-1  psi).  Because  the  aspect  ratio  X  equals  0.666b, 

/  „  ..2  .  Y 


Equation  (3-1)  gives  a  scaled  applied  load  I  rJ‘  of  0.  296.  Sub- 

1  2  1 
\  ~  h  ' 

\  y 

stituting  for  -  ,  X,  and  h  in  the  scaled  applied  load  yields  an  applied 

pressure  Pr  ^of  2960  Pa  (0.  424  psi).  Because  this  is  a  weak  applied 
load,  glass  will  begin  to  break  in  walls  facing  an  accident  whenever  Pg 
P 

exceeds  or  1480  Pa  (0.212  psi).  If  the  building  lias  no  class  in 

the  walls  facing  the  accident,  but  has  glass  in  side  walls,  breakage  will 
begin  whenever  Ps  exceeds  Pr  or  at  2960  Pa  (0.  424  psi). 

The  derivations  of  Equation  (3-1)  and  (3-2)  are  presented  i:i 
Appendix  3A,  Equation  (3-1)  is  a  special  case  of  a  plate  equation  from 
subsequent  sections:  a  brittle,  simply- supported  plate  in  the  quas i -  static 
loading  realm.  Experimental  test  data  from  static  tests  in  the  literature 
are  also  presented  in  Appendix  3A  to  demonstrate  the  validity  of  this 
solution.  Figure  3-1  comes  from  curve  lits  to  high-pressure  data  de¬ 
scribed  in  Reference  1. 

3-1.2  Empirical  Blast  Damage  Curves  for  Buildings 

Figure  3-2  shows  thr>  e  different  isodamage  lines  plotted  as 
curves  of  side-on.  free-fiela  impulse  versus  side-on  maximum  over¬ 
pressure.  The  basis  for  these  curves  is  British  data  from  enemy  bomb¬ 
ing  in  World  War  11  plus  record  of  explosions  dating  from  187  1,  .Al¬ 
though  this  relationship  was  developed  for  the  average  British  dwelling 
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REFLECTED  OVERPRESSURE  RATIO  P./P, 


Fiuure  3  -  1 .  Re  fleeted  Ove  rpressure  Ratio  as  F  a  net  ion 
of  Antfle  of  Incidence  for  Various  Side-on 
Ove  rpres  sures 


inure  3-2.  Pressure  vs  Impulse  Diagram  lor  Building  Dai.ia^e 


house,  it  also  works  veil  tor  factories,  main  offices,  and  main  engineer- 
ir.g  workshops.  Reference  2  presents  this  relationship  as  a  qua;.tiry- 
disrar.ee  equation  (charge  weight  versus  standoff  equation);  however,  we 
have  modified  the  results  so  they  car.  be  presented  as  a  pressure  versus 
■TtTrpirt-se^iiaara.rr  (a  P-i  diagram).  Notice  that  as  the  level  of  damage  in¬ 
creased,  the  nressures  and  impulses  required  to  create  the  increased 
damage  also  increase.  For  pressures  and  impulses  less  than  those 
shown  in  Figure  3-2,  the  specified  magnitude  of  damage  should  not  be 
obtained.  The  three  levels  of  damage  shown  in  Figure  2-2  are  for  minor 
structural  damage,  major  structural  damage,  and  partial  demolition. 

By  minor  structural  damage,  we  mean  that  glass  has  been  broken,  joints 
are  wrenched,  and  partitions  are  out  of  some  fittings.  Major  structural 
damage  implies  that  the  roof  is  partially  or  totally  damaged,  at  least  or.e 
externa!  will  "artiallv  damaged,  and  some  load-hearing  partitions  or 
members  have  been  destroyed.  The  term  "partial  demolition"  implies 
that  oOT  to  h 5r  of  external  brickwork  or  walls  have  been  destroyed  or 
rendered  unsafe. 

The  British  present  an  addition.  1  threshold  for  breakage  of  glass 
which  we  do  not  show  in  Figure  3-2.  Most  modern  windows  have  Larger 
span.'  and  are  often  thinner  than  the  standard  window  3izes  associated 
with  houses  built  in  the  20's  and  30's.  The  preceding  analysis  should  be 
used  it  glass  breakage  constitutes  serious  damage,  in  addition,  Jarrett 
ore  senes  a  fiftn  contour  for  complete  demolition.  We  do  not  present 
this  contour  because  it  is  too  extreme;  a  building  suffering  from  partial 
demolition  is  uninhabitable  and  would  have  to  be  leveled. 

Naturally,  contours  as  presented  in  Figure  3-2  are  approximations. 
These  approximations  suffice  for  large  variations  in  structural  types 
because  the  loads  are  also  approximations.  !f  a  hardened  structure  or 
atypical  building  exists,  damage  can  be  better  estimated  by  subdivision 
into  its  component  plate  and  beam  type  elements.  After  a  building  has 
been  subdivided  into  components,  equations  presented  in  subsequent 
sections  can  be  applied  to  determine  loads  for  initiating  fracture  in 
brittle  structures  and  permanent  deformation  in  ductile  structures. 

These  subsequent  analysis  procedures  are  more  difficult  to  use  than  the 
graphical  relationships  shown  in  Figure  3-2;  however,  if  they  are  properly 
appLiec,  they  can  supplant  Figure  3-2. 

To  illustrate  the  use  of  Fifure  3-2,  consider  several  illustrative 
examples.  For  example,  suppose  the  Irce  field  blast  conditions  were 
P,.  equal  to  10  kPa  (1.  45  psi).  is  equal  to  200  Pa- s  (0.  0290  psi/sec), 
then  minor  structural  damage  should  lie  expected,  but  not  major  struc¬ 
tural  damage.  On  the  other  hand,  if  Ps  equaled  50  kPa  (7.  25  psi)  and  is 
equaled  100  Pa*  s  (0.0-4  15  psi/sec),  partial  demolition  should  be  expected. 
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Figure  3D-2.  (Concl’d) 
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To  determine  the  momentum  imparted  to  the  body  from  the  blast  wave,  it 
is  necessary  to  consider  both  the  diffracted  phase  of  loading  and  the  drag 
phase  of  loading. 

Side-on  overpressure  is  often  expressed  as  a  function  of  time  by  the 
modified  Friedlander  equation:  (®) 

P(t)  =  pa(i  -  |r)e‘bt/T  ;  (3D-1) 

'  *  # 

.1 

where 

P#  is  peak  aide-on  overpressure 

T  is  the  duration  of  the  positive  phase  of  the  blast  wave 
b  is  a  dimensionless  time  constant. 

Integrating  this  equation  gives  specific  impulse 


I 
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Diffracted  specific  impulse  Ir  can  be  approximated  by 
P 

I  =  At 
r  2 


(3D-  3) 


whe  re 


is  peak  reflected  pressure 

is  length  of  time  for  the  blast  load  to  reach  after 
initial  interaction  with  the  blast  wave 


or 


I  -  —  - 

r  2  U 


where 

d  is  effective  diameter  of  human 
U  is  shock  front  velocity 
Shock  front  velocity  can  be  expressed  as 


(rj 

X  O 


7  Po 


where 


a  is  the  speed  of  sound 

o 

P^  is  peak  side-on  overpressure 


(3D-4) 


(3D-  5 ) 


p  is  ambient  atmospheric  pressure 
o 

For  shocks  of  intermediate  to  weak  strengths  (P  / p  <  3.  5): 

so  — 

2 


(8) 


=  2 


♦  i (!*. 

4  \pc 


(3D-6) 


Thus,  from  Equations  (3D-4),  (3D-5),  and  (3D-6), 
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The  time  history  of  drag  pressure,  slightly  modified  from  Glasstone,  1  is 


2 

q(t)  =  Q(l  - 


-bt/T 


(3D-8) 


Q  is  peak  drag  pressure. 

Integrating  Equation  (3D-8)  with  respect  to  time  over  the  time  interval  from 

0  to  T,  drag  specific  impulse  I  becomes: 

q 


/QT'\  j.  2  2  ..  -b. 

V~)  [l  -  b  +  J7  (l  -e 
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From  Baker,  peak  drag  pressure  (for  Ps/pQ  <  3.  5)  can  be  determined  by 


^  5  _  s 

Q  -  —  C  - - 

2  D  (7  p  +  P  ) 
o  s 


(3D- 10) 


where 


CD  is  the  drag  coefficient  for  the  human  body. 

Solving  Equation  (3D-2)  for  T  and  inserting  Equation  (3D- 10)  into  Equation 
(3D-  9): 
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Specific  impulse  is  the  integral  of  pressure  with  reapect  to  time,  while 
impulse  is 'the  integral  of  force  with  respect  to  time,  pressure  being  force 
per  unit  area.  Total  momentum  imparted  to  the  body  is  equivalent  to  total 
impulse  ij  : 

iT  =  mV  (3D- 12) 


where 


m  is  the  mass  of  the  body 
V  is  velocity 


or 


m  V 


(I  +  I  )  (5.5  d2) 

r  q 


(3D- 13) 


where 

(5.5  d2)  is  the  assumed  cross-sectional  area  of  the  body. 


Substituting  Equations  (3D- 11)  and  (3D- 17)  into  (3D- 13)  and  rearranging 
terms  produces 
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which  is  a  nondime  ns  ional  equation.  If  one  assumes  that  the  density  of  man 
is  the  same  as  the  density  of  water  pw  and  that  the  shape  of  man  can  be 
approximated  by  a  cylinder  with  a  length-to-diameter  ratio  of  5.  5,  then 
mass  becomes 


m 
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Substituting  Equation  (3D-16)  into  (3D- 14)  and  rearranging  terms,  one  can 
obtain 
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Equation  (3D- 18)  demonstrates  a  nondimensional  functional  dependence. 
Dimensionally,  for  constant  values  of  pw  ,  aQ  ,  and  pQ  ,  Equation  (3D- 18) 
becomes 


v  ■  f  'V  -T7T 

V  m 


(3D-  1 9) 


Thus,  after  calculating  the  pressure  and  impulse  combinations  re¬ 
quired  to  translate  an  individual  of  a  certain  mass  at  a  specific  potentially 
hazardous  velocity,  it  is  beneficial  to  plot  the  calculations  on  a  graph  of  P3 
versus  (I  / m1^).  By  doing  this,  pressure-impulse  combinations  needed 
to  Dropel  different  body  masses  at  the  predetermined  velocity  can  be  ac¬ 
quired  directly  from  the  graph,  assuming  that  the  density  and  length-to- 
diameter  ratios  of  the  body  are  the  same.  Hence,  eight  graphs  (2  damage 
conditions  X  4  altitudes),  instead  of  the  previously  mentioned  32  graphs 
(2  damage  conditions  X  4  masses  X  4  altitudes),  are  required  to  identify 
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the  pressure-impulse  combinations  which  will  produce  the  human  transla¬ 
tion  velocities  specified  in  Tables  3D-1  and  3D-2  for  any  mas s  human  body 
within  the  limits  of  the  aforementioned  assumptions.  The  results  are  plotted 
in  Figures  3-12  through  3-19. 

It  is  a  very  simple  matter  to  use  the  graphs  to  determine  if  there 
exists  a  potential  threat  due  to  whole  body  translation  and  subsequent  decel- 
erative  impact  on  a  hard  surface.  An  example  will  demonstrate  the  proced¬ 
ure. 


Suppose  a  propellant  blast  occurs  at  sea  level  (pQ  =  101  kPa).  The 
closest  people  to  the  blast  are  several  adult  males  with  an  approximate  mass 
of  70  kg  (154  lbm).  Using  methods  established  in  Chapters  I  ar.d  II  for  cal¬ 
culating  pressure  and  impulse,  it  is  determined  that  these  humans  are  ex¬ 
posed  to  an  incident  overpressure  of  1600  Pa  (0.  232  psi)  and  a  specific  im¬ 
pulse  of  20  kPa- s  (2. 90  psi-sec).  Scaled  impulse  (Is/ml/3)  is  then  4850 
Pa- s/kg1  Examining  Figures  3-12  and  3-16  indicates  that  the  point 
(1600  Pa,  4850  Pa-  s/kg*^)  lies  below  the  threshold  curves  for  3kull  frac¬ 
ture  and  for  whole  body  impact,  respectively.  Since  the  point  is  belcw  the 
curves,  no  skull  fracture  or  death  is  expected  from  whole  body  displacement. 
It  should  be  kept  in  mind  that  the  curves  cannot  be  extended  for  impulses 
lower  than  those  shown  on  the  graph,  and  thus  the  graphs  are  somewhat 
limited  since  they  do  not  appear  to  be  asymptotic. 
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CHAPTER  IV  N 76 -193 00 

CHARACTERISTICS  of  fragments 


4- 1  General 

The  fragments  generated  during  accidental  explosions  of  the  types 
covered  in  this  workbook  can  come  from  several  sources.  They  can  be 
pieces  of  the  exploding  vessels  themselves,  or  pieces  of  wreckage  from 
an  impact  which  also  results  in  an  explosion,  or  nearby  objects 
(appurtenances)  accelerated  by  the  blast  waves  from  the  explosion.  The 
methods  of  prediction  given  in  this  chapter  allow  one  first  to  estimate 
initial  fragment  velocities  for  various  types  of  accident  and  geometry  of 
vessel  or  explosion  source.  Next,  predictions  can  be  made  of  fragment 
ranges  and  impact  conditions  using  initial  velocities  as  inputs.  Finally, 
fragment  mass  distributions  can  be  predicted  in  a  statistical  sense  for 
several  classes  of  accidental  explosion. 

The  various  graphs  and  equations  used  to  generate  predictions  of 
fragment  characteristics  are  the  result  of  exercise  of  a  number  of  com¬ 
puter  programs,  and  fits  to  experimental  data.  A  number  of  appendices 
are  included  in  the  chapter  to  describe  the  computer  programs,  statistical 
analyses,  and  other  supporting  information. 

4-2  Methods  for  Estimating  Fragment  Initial  Velocities 

4-2.  I  Spherical  Gas  Vessels 

The  following  is  the  deterministic  technique  for  predicting  initial 
fragment  velocities  for  fragments  emanating  from  containment  vessels  of 
spherical  geometry.  This  technique  requires  that  you  know  the  external 
radius  of  the  spherical  confinement  vessel,  the  thickness  of  the  wall  of  the 
spherical  confinement  vessel,  the  density  of  the  confinement  vessel 
material,  and  the  internal  gas  pressure  at  burst.  The  present  figures 
allow  this  technique  to  be  used  for  gases  whose  properties  are  similar  to 
air  and  helium. 

The  first  step  in  the  procedure  is  to  calculate  a  mass  ratio  con¬ 
sisting  of  the  mass  of  a  volume  of  gas  equal  to  the  internal  volume  of  the 
sphere  at  standard  temperature  and  pressure,  divided  by  the  mass  o'  the 
confinement  vessel.  The  equation  for  calculating  this  mass  ratio  is  given 
in  each  of  the  examp'»s  in  terms  of  the  radius  of  the  spherical  confine¬ 
ment  vessel,  the  thickness  of  the  vessel  walls,  and  the  density  of  the  gas 
and  vessel  material,  respectively. 
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The  second  step  in  this  procedure  is  to  calculate  a  pressur<  ratio 
whichTs'ffie  “p'fesaufe  of  Che  internal  gas  at  the  time  the  confinement 
vessel  burses  divided  by  atmospheric  pressure.  Having  obtained  the 
mass  ratio  and  the  pressure  ratio,  a  value  for  initial  velocity  ratio  v 
can  be  obtained  from  Figures  4-1  through  4-8,  which  constitutes  Step  3 
in  the  procedure.  The  figure  used  to  look  up  the  value  of  v  depends  upon 
whether  air  or  helium  is  considered  and  the  radius  of  the  confinement 
vessel.  Since  figures  are  not  generated  for  all  possible  vessel  radii,  it 
is  necessary  to  consult  the  figure  with  a  radius  value  that  is  nearest,  to 
the  radius  of  the  confinement  vessel  considered.  Since  plots  are  not 
given  in  the  figures  for  all  possible  mass  ratios,  it  is  also  necessary  to 
read  values  for  v  from  the  plots  for  mass  ratios  having  values  most 
nearly  above  and  below  the  mass  ratio  considered.  The  appropriate  value 
for  v-  can  then  be  obtained  by  the  method  of  linear  interpolation  as  in 
Step  4  of  the  e:-ramples.  Once  the  velocity  ratio  value  has  been  obtained 
for  the  specific  case  considered,  it  can  be  multiplied  by  the  appropriate 
speed  of  sound  at  ambient  conditions  for  the  gas  considered  to  obtain  the 
initial  fragment  •-elocity. 

Examples  1  through  3  illustrate  how  this  procedure  may  be  used  to 
obtain  initial  fragment  velocities  from  bursting  spheres.  Fragment  velo¬ 
cities  from  bursting  cylinders  are  discussed  in  the  next  section  with  ex¬ 
amples.  Example  1  is  the  calculation  for  a  case  in  which  some  experi¬ 
mental  data  have  been  obtained  to  verify  the  results,  as  is  Example  2. 
Discussion  of  experimental  results  which  verify  the  code  used  to  generate 
Figures  4-  1  through  4-8  is  given  in  Appendix  4A.  Example  3  is  taken 
from  z  proposed  case  where  a  Centaur  pressure  tank  is  overpressurized 
with  helium. 

The  procedure  illustrated  here  for  estimating  initial  fragment 
velocities  from  bursting  pressurized  confinement  vessels  was  made 
possible  by  the  generation  of  Figures  4-1  through  4-8  from  the  computer 
code  SPHER.  This  code  and  the  theory  behind  it  are  discussed  in  the 
appendices.  A  similar  code  used  to  generate  Figures  4-9  through  4-16 
for  cylindrical  confinement  vessels  was  generated  from  a  code  CYLIN. 
This  code  is  also  discussed  in  the  appendices. 

Example  l.  For  Spheres 

Assume:  A  spherical  containment  vessel  of  glass 

R  =  2.  54  cm  ( 1  in.  )  internal  radius  of  sphere 

-  2 

t  -  1  mm  (3.  94  x  If)  in.  )  glass  wall  thickness 
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Figure  4 -Z.  Fragment  Velocities  for  Contained  Air 
in  a  Sphere  of  Radius  C.  254  m 
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Figure  4 
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3.  Fragment  Velocities  for  Contained  Air 
in  a  Sphere  of  Radius  0.  762  m 
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Figure  4-4.  Fragment  Velocities  for  Contained  Air 
in  a  Sphere  of  Radius  2.  54  m 
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Figure  4-6.  Fragment  Velocities  for  Contained  Hs 
in  a  Sphere  of  Radius  0.  254  rn 
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Burst  from  internal  air  pressure 

P  =  2.  25  x  106  Pa  (326  psi) 

o 

Step  1.  Calculate  mass  ratio  M^/M^  from  equation 


M 

oa 

M 

t 


r\ 


air 


[R3  -  (R-t)3 


From  assumptions  R 

t 


1  o  , 

•  glass 

=  2.  54  c  m 

=  0.  1  cm 


F  rom  density  table  s 


o  .  =  1.  293  x  10  3  a/cra3,  at  standard 

air  B 

temperature  a:  d  pressure. 

3 


“glass 


=  2.  60  g/cm‘ 


Therefore, 


M 

oa 

M 


(1.  293  x  10~3)  (2.  54)3 


=  4.  38  x  10 


-3 


[  (2.  54)  -  (2-54  -  0.  1)  ]  (2.6) 

Step  2.  Calculate  pressure  ratio  p  from  equation 


P  s 


1.  01  x  10 
F rom  assumption 
Therefore, 

2.  25  x  I06 

P  s  '5 

1.  01  x  10 


2.  25  x  10  Pa 


22.  21 


Step  3,  From  Figure  4*2,  for  a  vessel  of  radius  closest  to  the 
vessel  considered  containing  air,  find  V  for  the  ratio 
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most  nearly  above  and  below  the  value  of  Step  1  fo.-  the  p  of 
Step  2.  This  is:  - - - 


at  p  -  22.  2 

M.  =  (h 


M 


/M  )  below 

=  1.40  x  10*3  . 

v,  « 

0.  140 

t' 

1 

/M  )  Step  1 

=  4.  38  x  10‘3  , 

^2  = 

? 

,  -3 

/M  )  above 
t 

=  4. 67  x  10  . 

V3  = 

0.  266 

Step  4.  Find  by  linear  interpolation  from  the  equation 


_  _  M  -  M 

<v3  -  vi>  '..mTTTT 


+  V. 


V  2 


i  4.38  -  1.40  ^ 


(0.266-0.140)  vTTfTTto;  +0-140  =  0.  2S5 


Step  5,  Multiply  Vj  by  the  aoa  value  given  in  Figure  4-2  to 
obtain  the  initial  fragment  velocity 


V.  =  V,  .  a 
l  2  os 


(0.  255)  (3.31  x  10  m/s)  =  84.4  m/s 


The  initial  fragment  velocity  is  84.4  m/s  (277  ft /sec). 

Note:  This  example  was  run  using  code  SPHER,  the  code  used  to 
generate  Figure  4-2,  for  the  specific  data  assumed.  The  results 
gave  a  V|  =  80.  2  m/s  (263  ft/sec)  compared  to  our  result  of 

84.4  m/s  (277  ft /sec)  obtained  from  the  figure.  This  gives  some 
indication  of  the  interpolation  error  and  error  ir.  reading  numbers 
from  the  figure  which  can  be  expected. 

This  particular  example  was  taken  from  the  data  of  D.  W.  Boyer, 
et  al.  ,  (1)  who  performed  experiments  in  which  glass  spheres  of  various 
dimensions  were  burst  under  internal  gas  pressure.  For  this  particular 
sphere  dimension  and  gas  pressure,  the  experimental  data  showed  frag¬ 
ments  had  an  average  initial  fragment  velocity  of  75.  6  m/s  (248  ft/s). 

Our  value  obtained  from  the  tables  is  about  10%  higher  than  this. 
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A  comparison  o£  other  data  from  the  te3ts  by  Boyer  with  fragment 
velocities  obtained  from  code  SPHER  or  the  tables  generated  from  code 
SPHER  is  given  in  Appendix  4A.  "  -*•  - 

Example  2.  For  Spheres 

Assume:  A  spherical  containment  vessel  of  glass 

R  =  2.  54  cm  (  1  in.  )  internal  radius  of  sphere 

t  =  1  mm  {3.  94  x  1C  ^  in.  )  glass  wall  thicr.es s 

Burst  from  internal  helium  (He)  pressure 

P  =  2.  25  x  106  Pa  (326  psi) 

o 

Step  1.  Calculate  mass  ratio  M  /M  from  equation 

os  t 


Mt  rR3  -  (R  -  t)3  '  o  , 

glass 

From  assumptions:  R  =  2.54  cm 

t  =  0.  1  cm 

From  density  tables:  c^e  =  0*  1?85  x  10  gm/cm  at  STP 


o  ,  =  2.  60  gm/cm" 

glass 


Therefore. 


(0.  1785  x  10  ')  (2.  54)" 

[  (2.  54)3  -  (2.  54  -  0.  i)3  :(2.  6) 


6.  05  x  10 


Step  2.  p  =  22.  2  (same  as  in  Example  1) 

Step  3,  From  Figure  4-5,  for  a  vessel  of  radius  closest  to  the 
vessel  considered  containing  He,  find  V  for  the  Mos/M  ratio 
most  nearly  above  and  below  the  value  of  Step  1  for  the  p  of 
Step  2- 
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at  p  =  22. 2 


(M  / M  )  below 
os  t 

=  1.88  x 

io'4  . 

-4 

V,  = 

0.  036 

(M  / M  )  Step  l 

OS  t 

a  6. 05  X 

10 

.4 

^2  = 

? 

(M  / M  )  above 
os  t 

=  6. 26  x 

10 

?3  = 

0.  068 

Step  4.  Find  by  linear  interpolation  from  the  equation 

_  -  M2  -  M1  \ 

v2  *  (V3-Vi»  m'3  m;  )  +  V, 

V,  =  (0.  068  -  0.  036)  +  °'0ib 

=  0.  066 

Step  5.  Multiply  by  the  a  value  in  Figure  4-5  to  obtain  the 

initial  fragment  velocity 

V  =  V  .  a  -  (0.  066}  (9.  63  x  10^  m/s)  -  64.  0  m/s 

i  2  os 

The  initial  fragment  velocity  is  64  m/s  (210  ft/sec) 

Example  3.  For  Spheres 

Assume:  A  Centaur  pressurant  tank 

V  =  0.  121  jn^  (7361  in^)  volume  of  tank 

t  =  0.  46  cm  (0.  181  in.  )  titanium  wail  thickness 

Burst  from  internal  He  pressure 

P  -  £.  07  x  107  Pa  (3000  psi) 

o 

Sup  l.  Calculate  mass  ratio  M  /M  from  -  n  ation 
- = -  os  t 


-  1 4 
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-  ,  ,  205 

1. 01  X  105 

Step  3.  From  Figure  4-6,  for  a  vessel  of  radius  closest  to  the 
vessel  considered  containing  He,  find  V  for  the  M^/M^  ratio 
most  nearly  above  and  below  the  value  of  Step  1  for  the  p  value 
of  Step  2.  This  is: 

at  p  -  205 


Mi  . 

(M  /M  )  below 
os  t 

*  6.95  x 

io‘4  . 

?1  = 

0.  30 

m2  - 

(M  /M  )  Step  1 

*  8. 96  x 

io*4  , 

_  "3 

?2  = 

? 

M3  = 

(M  /M  )  above 
oa  t 

=  2. 32  x 

10  , 

^3  * 

0.49 

Step  4.  Find  by  linear  interpolation  from  equation 


V2  =  <V3  '  V  +  V1 

,  m3  "  mi  / 

V2  ,  (0.49  -  0.30)  (£?f-r£ff)  +0-30 

=  0.  3  2  m  /  s 

Step  5,  Multiply  Vj  by  the  aQJ  value  given  in  Figure  4-6  to 
obtain  the  initial  fragment  velocity. 

V  =  Vh  .  a  =  (0.  32)  (963  m/s)  =  311  m/s 

i  2  o  s 


The  initial  fragment  velocity  is  311  m /s  ( 1022  ft/s). 

4-2.  2  Cylindrical  Gas  Vessels 

The  following  deterministic  procedure  may  be  used  to  estimate 
initial  fragment  velocities  emanating  from  containment  vessels  of 
cylindrical  configuration.  Figure?  4-9  through  4-  16  may  te  jsvd  to 
estimate  intial  fragment  velocities  for  a  broad  spectrum  of  burst  pres¬ 
sures  and  confinement  v-sse'  dimensions.  Figures  4*9  through  4-12 
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may  be  used  for  estimating  initial  fragment  velocities  for  a  confined  gas 
with  properties  similar  to  air.  Figures  4-12  through  4-16  may  be  used 
for  estimating  initial  fragment  velocities  for  a  confined  gas  whose 
properties  are  similar  to  helium.  The  code  used  to  generate  these 
figures  (code  CYLIN)  is  described  in  Appendix  4A.  It  should  be  pointed  oui 
that  because  of  the  two-dimensional  nature  of  the  analysis,  the  effects 
of  the  cylinder  ends  are  not  taken  into  account.  The  length  of  the  cylinder 
thus  does  not  affect  results  and  is  immaterial  so  long  as  the  properties 
of  the  cylinder  per  unit  length  are  known. 

Example  1  below  demonstrates  how  the  initial  velocity  of  frag¬ 
ments  emanating  from  a  bursting  containment  vessel  may  be  obtained 
through  the  use  of  the  figures.  In  this  example,  a  steel  cylinder  approxi¬ 
mately  a  foot  in  diameter  and  having  wall  thickness  of  approximately  a 
quarter  of  an  inch  is  assumed  to  burst  at  104  psi  from  the  pressure  of 
confined  air.  It  should  be  noted  that  all  calculations  are  done  using 
standard  SI  units.  It  should  also  be  noted  that  the  tank  mass  is  nondimen- 
sionalized  in  the  figures  by  the  use  of  a  ratio  with  the  mass  of  the  con¬ 
fined  gas  at  standard  temperature  and  pressure.  Example  2  is  a  calcula¬ 
tion  for  the  initial  fragment  velocities  emanating  from  a  cylinder  similar 
to  that  of  Example  1,  whicn  bursts  under  pressurization  from  helium  gas. 
The  method  for  calculating  fragment  velocities  shown  in  these  examples 
for  cylinders  is  the  same  as  those  for  spheres  with  the  exception  of  a 
different  equation  for  calculating  the  mass  ratio  and  the  use  of  the  differ¬ 
ent  figures  to  obtain  v  as  a  function  of  p  and  the  mass  ratio. 


Exarm 


For  Cylinders 


Assume: 


A  cylindrical  confinement  vessel 

t  s-  0.  5  cm  (~  0.  25  in.  )  steel  wall  thickness 

ZR  =  0.30  m  12.  0  in.  )  diameter  of  tank 

Bursts  from  internal  air  pressure 

P  =  7.00  x  107  Pa  (-  10*  psi) 

o 

Step  1.  Calculate  mass  ratio  M^/M  from  equation 


[R2  -  !R  -  t)2 


steel 
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from  assumptions 


1.  05 


M  =  (M  ,'M  )  below  *  1.73x10 

l  os  t 

.  Vl  --  1-05 

-3 

M,  =  (M  /M  ) .  =  2.53  x  10 

i  03  1  2 

•  V2  ‘  ? 

^  2 

M,  =  (M  /M  )  above  a  5.19x10 

3  os  t 

.  V3  =  l.  38 

Step  4.  Find  V„  by  linear  interpolation  from  equation 

—  —  —  ;  M  -  M,  \ 

V?  *  (V3  ’  Vl>  2  1  i 

3  3  .  \m,  •*,/ 

V1 

V2  =  <1.38  -  <-03,  (-Hf-i-Hf)  *  *  ‘-‘3 

Step  5.  Multiply  V2  by  ti  e  a,ja  value  given  in  the  figure  to  obtain 
the  initial  fragment  velocity 


V  r  V  .a  =  (I.  13)  (3.  31  x  102  m/s)  =  373  m/s 

i  2  os 

The  initial  fragment  velocity  is  373  m/s  (1220  ft /sec). 

Example  2.  For  Cylinders 

Assume  same  conditions  as  Example  l,  but  the  vessel  contains 
helium. 

Step  L  Calculate  mass  ratio  M^/M^  from  equation 


M 

os 

M 


R2  o 


He 


[R2  -  (R  -  t)2  ■■  n 


steel 


=  0.  1785  x  10"3  gm/cm3  at  STP 

helium 

Other  values  as  in  Example  1. 
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I  .  V  . 


MPS  „  (0.  1785  x  10*31  (I5)2 

Mt  (7. 8)  (IS2  -  14.  52) 


3.49  x  10 


Step  2.  Same  as  in  Example  1,  p  *  693. 

Step  3,  From  Figure  4-14  for  a  tank  of  radius  closest  to  the  tank 
considered  find  V  for  MQ3/M  ratio  most  nearly  above  and  below 
the  value  of  Step  1  for  the  p  ol  Step  2.  This  is 


M,  =  (M  /M  )  below  *2.32x10  ,  V,  =  0.67 

1  os  t  1 


M,  =  (M  /M  ) 
2  os  t 


=  3.  49  x  10 


(M  /M  )  above  =  6.95  x  10  ,  V, 

os  t  3 


Step  4.  Find  V,  by  linear  interpolation  from  equation 


v>  ’  lv>'v'’  +  v‘ 

V2  =  (0.67  -  0.411  (*;%  :  III)  4  0.41  =  0.40 

Step  5.  Multiply  by  the  aQ8  value  given  in  the  figure  to  obtain 
the  initial  fragment  velocity 


-  M.  \ 


+  V, 


V  a 
2  os 


{0.  48)  (963  m/s) 


458  m /s 


The  initial  fragment  velocity  is  458  m/s  (1500  ft/sec). 

4-3  Estimate  of  Initial  Velocities  of  Fragments  from  Spheres  and 
Cylinders  Bursting  into  Two  Equal  Halves 

The  method  developed  by  Taylor  and  Price^  for  calculating 
velocities  of  fragments  from  bursting  spherical  reservoirs  was  modified 
to  provide  velocity  calculations  for  fragments  from  both  cylindrical  and 
spherical  gas  vessel**.  The  development  of  the  necessary  equations,  the 
numerical  iteration  method  used  to  simultaneously  solve  the  resulting 
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differential  equations,  the  computer  program  and  results  of  the  analysis 
are  all  explained  in  considerable  depth  for  the  interested  reader  in 
Appendix  4C.  Only  assumptions  and  conclusions  necessary  for  deter' 
mining  fragment  velocities  are  included  here. 

The  assumptions  relevant  to  the  calculation  of  fragment  velocity 
in  this  section  follow.  More  complete  listing  of  assumptions  are  con¬ 
tained  in  Appendix  4C,  but  only  essential  elements  are  contained  here. 
The  pertineat  assumptions  upon  which  conclusions  which  follow  are  based 
are: 


(1)  The  vessel  with  gas  under  pressure  breaks  into  two  equal 
halves  along  a  plane  perpendicular  to  the  cylindrical  axis, 
and  the  two  container  fragments  are  driven  in  opposite 
directions. 

(2)  The  thickness  of  the  containment  vessel  is  uniform. 

(3)  The  containment  vessel  has  hemispherical  end  caps. 

(4)  Vessels  are  made  of  Titanium  or  Titanium  alloys  (material 
used  for  containment  vessels  in  flight-weight  vehicles)  and 
has  a  length -to-diameter  (L/D)  ratio  of  10.  ft. 

(5)  Contained  gases  are  either  air.  carbon  dioxide  (CO2)  or 

hydrogen  (H^). 

The  summarized  calculations  are  presented  in  nondimensionalized 
units  in  order  to  condense  and  simplify  the  determination  of  fragment 
velocity.  The  pertinent  nondimen sionail  (unitless)  relations  are  defined  as 
follows: 

(1)  Nondinaensional  pressure 

P  s  initial  pressure/atmospheric  pressure  (or  P/pQ) 
where  the  change  in  atmospheric  p.essure  pQ  with  altitude 
is  shown  in  Figure  4-17. 

(2)  Nondimensionai  thickness 

h/D  -  cyLinder  thickness /cylinder  diameter 

(3)  Nondimensionai  length 

L/D  -  total  length/cylinder  iiameter 
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re  4-i7,  Atmospheric  Pressure 


(4)  Nondimensional  velocity 

V  =  final  velocity /sound  speed  of  gas  (or  V/a0)  where 

V  is  the  velocity  of  the  fragment  and  aQ  is  sound  speed. 

The  sound  speeds  for  the  gases  mentioned  are: 

Air  -  344  m/s  (13  550  in/sec) 

C02  -  258  m/s  (10  150  in/sec) 

H2  -  1270  m/s  (50  000  in/sec) 

Figures  4-  18  through  4-20  contain  plots  of  V  versus  P  for  air, 
carbon  dioxide  and  hydrogen  gases,  respectively,  the  L/D  ratios  being 
neld  r  on  stent  at  10.  0  and  as  many  as  three  curves,  one  for  each  h/D 
ratio  (0.  001,  0.01  and  0.  1),  being  plotted  on  a  single  figure.  Nondimen- 
sional  velocity  and  pressure  combinations  for  intermediate  values  of  h/D 
can  be  approximated  from  these  figures.  Figure  4-2 1  contains  a  plot  of 
V  versus  L/O.  It  should  be  noted  that,  for  high  nondimensional  pres¬ 
sures  (P  ~  4080),  V  is  essentially  independent  for  values  of  L/D  from 
1.  0  (sphers)  to  10.  0. 

The  procedure  for  determining  the  velocity  of  fragments  consist¬ 
ing  of  halves  of  spheres  or  cylinders  made  of  Titanium  or  Titanium 
alloys  and  containing  air.  carbon  dioxide  or  hydrogen  gas  under  pressure, 
is  an  follows: 

(1)  Determination  atmospheric  pressure  pQ  (see  Figure  4-17). 

(2)  Calculate  nondimensional  pressure  P: 

P  X  P/po 

(3)  Calculate  nondimensional  thickness  h/D. 

(4)  Calculate  nondimensional  length  L/D. 


r 

Vs* 
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Figure  4-19.  Nondimensional  Velocity  Vs  Nondimensional 
Pressure  for  Vessels  Containing  CO, 


4 


(5)  For  L/D  equal  to  10.  0,  choose  the  appropriate  figure  of 

_ _  _  Figure*  4-13,  4-19  or  4-20  which  relate  to  contained 

gases  of  air,  carbon  dioxide  (CQ2)  and  hydrogen  (H»), 
respectively. and  choose  the  curve  with  proper  h/D  value. 
Positions  of  curves  for  intermediate  h/D  values  can  be 
interpolated. 

(6)  Knowing  the  gas,  h/D  and  P,  find  V  from  the  figure  and 
calculate  velocity  V  (m/s): 

V  =  "v  a 

o 

where  a  344  m/s  (air) 

°  258  m/s(C02) 

1270  m/s  (H2) 

Some  examples  will  help  clarify  the  procedure  for  calculating  fragment 
velocity. 

Example  1: 

A  pressure  vessel  made  of  a  Titanium  alloy  is  cylindrical  m 
shape  with  hemispherical  end  caps.  The  vessel  is  0  m  ( 16. 4  ft)  long  and 
0.  5  m  (1.  64  ft)  outside  diameter.  Its  thickness  is  uniform  and  is  0.5  cm 
(0.  197  in).  Contained  gas  is  air  at  a  pressure  of  1.  0135  x  10  s  Pa  (I.  47  x 
103  psi).  The  vessel  is  located  at  sea  level.  If  the  vessel  splits  into  two 
halves  along  a  plane  perpendicular  to  the  cylindrical  axis,  what  are  the 
expected  velocities  of  each  of  the  two  fragments? 

Solution: 


(1)  From  Figure  4-17, 

p  =  1.  0135  x  105  Pa  (14.  7  psi) 

o 

(2)  Nondimen sional  pressure  P: 


Extreme  caution  should  be  taken  when  L/D  ratios  differ  from  10.0. 

Figure  4-21  is  a  graphical  representation  of  V  versu.o  L/D  varying  from 
1.  0  to  10.  0.  Accurate  values  of  V  cannot  be  determined  for  values  of 
L/D  less  than  10.  0  and  for  gases,  values  of  P  and  h/D  ratios  whurh  are 
not  contained  in  Figure  4-21. 


4-3o 


—  ~t  - 


t 


t 
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.  V  , 


c 

c 

I  t  ) 

X  * 


- —  . 

1.  0135  x  10‘  Pa 

"p  -  —  =  5  =  100 

f-  ,-p  1.0135  x  103  Pa 

o 

(3) 

Nondimensional  thickness  L/D: 

t  m ' 

(0.5  cm)  1.01--, 

L/D  =  - =  0-01 

0.  5  m 

(4) 

Nondimensional  length  L/D: 

L/D  =  O.Tm  "  10'° 

(5) 

The  center  curve  of  Figure  4-18  is  the  appropriate  curve 
for  air,  L/D  of  10.  0,  and  L/D  of  0.01. 

(6) 

From  Figure  4-18  and  P  of  100,  one  finds  that 

V  ~  0.36 

or 

V  =  (0.36)  (344  m/s)  ~  124  m/s  (407  ft/sec) 

Example  2: 

Same  as  Example  1,  except  let  P  be  3.  45  x  10  Pa  (48.  5  psi)  and 
length  of  the  vessel  be  1  m  (3.  28  ft). 

Solution: 

(1) 

6 

p  =  1.0135  x  10  Pa  (see  Example  1) 

o 

U) 

-  _  3. 45  x  lo5  Pa  34 

1.  0135  x  105  Pa 

(3) 

h/D  =  0.01  (see  Example  1) 

(4) 

L/D  =  lm  =  2 

'  0.  5  m 

(5) 

Since  L/D  is  not  10.  0,  Figures  4-  18,  4-  19,  and  4-20 
cannot  be  used.  Normally,  the  fragment  velocity  could  not 
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be  calculated  from  the  Information  in  this  chapter.  How¬ 
ever,  Figure  4-?  1  applies  for  contained  air,  h/Dof0.01 
- and  P*  of  34, and  can  be  used. 

(6)  From  Figure  4-2 1: 

V  -  .  28 


or 


V  =  {.  28)  (344  m/s)  ~  96  m/s  (3  15  ft/sec) 


Example  3: 


Same  as  Example  1  except  hydrogen  is  the  contained  gas. 

Solution: 

(1)  p  =  1.  0135  x  105  Pa  (see  Example  1) 

o 

(2)  P  =  100  (see  Example  1) 

(3)  h/D  =  0.  01  (see  Example  l ) 

(4)  L/D  =  10. 0  (see  Example  1) 

(5)  The  center  curve  of  Figure  4-20  is  the  appropriate  curve 
for  hyurogen,  L/D  of  10.  0,  and  h/D  of  0.  01. 

(6)  From  Figure  4-20  and  P  of  100  one  finds  that 

V  ~  (0.  07) 

or 

V  ~  (0.  07)  (1270  m/s)  -  89  m/s  (292  ft/sec) 

4-4  Determination  of  Appurtenance  Velocity 

The  method  used  here  to  calculate  appurtenance  velocity  is  an 
extension  of  work  performed  ty  Baker,  et  al.  (^)  Appendix  4D  contains 
the  development  of  the  basic  equations  as  well  as  a  listing  of  the  computer 
program  used  to  generate  nondimensional  velocity  curves  as  a  function  of 
nondimensional  pressure  and  nondimensional  impulse.  The  interested 
reader  is  encouraged  to  examine  the  appendix  for  a  better  understanding 
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of  the  interaction  of  appurtenances  with  blast  waves.  In  order  to  arrive 
®  {  J  at  values  for  appurtenance  velocity,  however,  it  is  not  necessary  to  refer 

to  the* appendix  since-all  of-  vhe  curves  and  equations  required  to  calculate 
velocity  are  contained  in  this  section.  It  is  beneficial,  however,  to  keep 
;t  in  mind  that  the  method  used  for  calculating  the  velocity  of  an  appurte* 

«•*,  nance  assumes  that  the  appurtenance  behaves  as  a  rigid  body,  that  none 

of  the  energy  in  the  blast  v/ave  is  absorbed  in  breaking  the  appurtenance 
loose  frcm  its  moorings  or  deforming  it  elastically  or  plastically,  and 
that  gravity  effects  axe  ignored  during  the  acceleration  phase  a  £  the 
’  motion. 

'  The  velocity  of  an  appurtenance  can  be  determined  from  a  ncndi- 

mensional  velocity  which  depends  on  nondiirensional  pressure  and  nondi- 
mensional  impulse.  In  functional  format 


M  V  a 

_ Q-  — 

p  A(KH  +  X) 
o 

.1. 

nondime  nsional 
velocity  V 


C  ’  a 
D  «  o 

P  (KK  +  X) 


(4-1) 


nondimen  sional 
pressure  Pa 


nondime  nsional 
impulse  I 


where  M 


is  the  total  mass  of  the  appurtenance 


is  the  velocity  of  the  appurtenance 
is  the  velocity  of  sound  in  air 
is  atmospheric  pressure 

is  the  mean  presented  area  of  the  appurtenance 

is  a  nondimensional  constant  which  is  4  for  appurtenances 
on  the  ground  and  2  for  appurtenances  in  the  air, 

is  the  minimum  transverse  distance  of  the  .nun  presented 


is  the  distance  from  the  front  of  the  object  to  the  location 
of  its  largest  cross-sectional  area 


is  peak  incident  overpressure 
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I 


I 


.! 


) 


I 


Cp  is  the  drag  coefficient 


and 


I 

9 


is  the  peak  incident  specific  impulse 


The  variables  can  be  classified  into  three  major  categories: 

(1)  static  environmental  variables  (aQ,  pQ) 

(2)  blast  wave  variables  (Ps  ,  ls) 

(3)  appurtenance  variables  (M,  V,  A,  K,  H,  X,  Cq) 

The  static  environmental  variables,  sound  speed  aQ  and  atmospheric 
pressure  po  vary  with  altitude  or  location  above  sea  level.  This  altitude 
dependency  is  shown  inFigures  4-22  and  4-23.  The  blast  wave  variables, 
peak  incident  overpressure  P3  ar.d  specific  impulse  Is  at  specific 
standoff  distances  (i.  e.  ,  distance  from  center  of  the  explosion  to  the 
center  of  the  appurtenance)  can  be  determined  from  Chapters  I  and  11  of 
this  handbook.  Appurtenance  variables  are  all  associated  with  rhe  object 
which  may  be  propelled  after  interaction  with  the  blast  wave.  The  method 
for  determining  the  velocity  V  will  be  discussed  later.  The  choice  of 
total  mass  M  depends  on  the  volume  and  density  of  the  object,  and  non- 
dimensional  constant  K  depends  on  its  position.  Representative  values 
for  drag  coefficient  Cq  can  be  acquired  from  Figure  4-24.  The  mean 
presented  area  A  of  the  appurtenance  depends  on  its  shape,  it  is  the 
largest  projected  area  of  the  appurtenance  facing  the  approachirg  blast 
wave.  The  transverse  distance  H  is  the  minimum  dimension  of  the 
largest  cross-sectional  area  of  the  object  facing  the  blast  wave.  The 
.length  X  is  the  distance  from  the  point  of  the  appurtenance  which  fir3t 
interacts  with  tbe  blast  wave  to  the  plane  containing  the  largest  cross- 
sectional  area  facing  the  approaching  blase  wave.  For  objects  which  have 
a  flat  face  facing  the  blaJt  wave. which  is  also  the  location  of  the  plane 
with  the  largest  cross-sectional  area,  X  equals  zero  (X  =  0).  Figure 
4-25  helps  explain  the  meaning  of  the  various  appurtenar.ee  variables. 


Figure  4-26  is  a  graphical  representation  of  Equation  (1)  for 
various  values  of  nondimensional  velocity.  The  procedure  for  calculating 
appurtenance  velocity  V  follows.  Care,  however,  should  be  taken  when 
interpolating  between  curves  and  extending  curves.  Estimates  made  by- 
ex!  ending  the  turves  to  lower  nondimensional  impulses  are  especiully 
huza  rdous. 
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(IJ  Determine  static  environment  variables,  speed  of  sound 

ae  (m/s)  and  atmospheric  pressure  p0  (Pa),  from  Figures 
4-22  and  4-23,  reapecttvety.-  —  - 

(2)  Determine  blast  wave  variables,  peak  incident  overpres¬ 
sure  P3  (Pa)  and  specific  impulse  I3  (Pa*  s).  from 
Chapters  I  and  n. 

(3)  Determine  appurtenance  variables: 

(a)  M  -  total  mass  in  kilograms 

(b)  A  -  mean  presented  area  in  square  meters 

(c)  K  dimension! --3 s  constant  which  equals  4  for 

appurtenances  on  the  ground  and  2  for 
appurtenances  in  the  air 

(d)  H  -  minimum  transverse  distance  of  the  mean 

presented  area  in  meters 

(e)  X  distance  from  the  front  of  the  appurtenance 

to  the  location  of  its  largest  cross-sectional 
area  in  meters 

(f)  CD  -  nondimensional  drag  coefficient  of  the 

appurtenance  (see  Figure  4-24) 

(4)  Calculate  nondimensional  pressure  P  where 


(6)  Find  the  location  of  the  point  (I3,  P3)  on  the  graph  in 

Figure  4-26  and  estimate  a  value  ior  nondimensional 
velocity  V  from  the  curves  of  constant  nondimensional 
velocity. 
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(7)  Calculate  appurtenance  velocity  V  {in  m/s)  where 

t 

M  V  a  - 

_  _ 2 _ 

V  =  p  A  (KH  +  X) 
o 

and  thus 


V  Po  A  {KH  +  X) 
M  a 


Some  examples  will  clarify  the  procedure. 

Example  1: 

Assume  that  an  explosion  occurs  at  sea  level.  A  cubical  cement 
block  with  a  side  facing  the  blast  front  is  located  at  such  a  distance  from 
the  source  of  the  explosion  that  it  is  exposed  to  an  incident  peak  overpres¬ 
sure  of  1.  4  x  IQ3  Pa  (U  97  psi)  and  an  incident  specific  impulse  I3 
of  1.  9  x  104  Pa-  s  (0.  267  psi/sec).  The  density  of  the  cement  block  is 
1.792  x  104  kg/m3  (0.647  lbm/in3). 

I  Solution: 


(1)  Static  environmental  variables: 

a  =  340  m/s 

o 

p  -  l.  0135  x  105  Pa 

o 

(2)  Blast  wave  variables: 

P  =  1.  0  x  105  Pa 

s 

I  =  1.9*  104  Pa.  s 

s 

(3)  Appurtenance  variables: 

(a)  M  =  density  x  volume 

=  l.  792  x  10^  kg/m ^  x  (2.  5  m)^ 
=  2.  8  x  105  kg 
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(b)  A  *  (2.  5  m)^ 

A  =  6.25  m2  - 

(c )  Appurtenance  is  on  the  ground.  Therefore, 

K  =  4 

(d)  H  :  2.5m 

(c)  X  -  0  m  since  the  portion  of  block  facing  the 

blast  wave  is  flat. 

(f)  Drag  coefficient  from  Figure  4-24 


(4) 


Nondimen sional  pressure 


(S) 


(6) 

(7) 


P  5 

t  i.O  x  10  Pa 


i.  0135  x  10  Pa 


=  0.  99 


Nondimcn sional  impulse 


Cl  a 
D  s  o 


q-SiUki-SjO  )-j340j. 


*  Pg(KH+X)  (l.Ox  105)r'4)(2.5|M0)1 

From  Figure  4-2  6,  the  point  <I#  ,  Pg)  or  (6,  8,  0.  99)  is 
located  very  close  to  the  V  =  5.  0  line 

Appurtenance  velocity 


VP  A  (KH  4  X) 
v  -  o 

M  a 

o 

v  =  (5)  (  1.0135  x  105)  (6.25);  (4)  (2.  5L^(0> 

(2. 8  x  10 ') (340) 

0.  33  m/s  (1.08  ft /  sec) 
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Example  2: 

Asstime  an  upright  cylindrical  pole  weighing  lO.-^kg-t^-ib^) 
with  radius  of  0.01m  {0.  0323  ft)  and  length  of  4  m  (13.  I  ft)  is  subjected 
to  the  same  blast  parameters  as  mentioned  in  Example  i.  The  blast  xs 
incident  on  the  curved  portion  of  the  pole. 


Solution: 

(1)  Static  environmental  variables: 

a  =  340  m/s 

o 

p  s  1.  0135  x  105  Pa 


(2) 


(3) 


(4) 


Blast  wave  variables: 

P  =  1.0xl05  Pa 

s 

4 

I  a  1. 9  x  1C  Pa-  s 

s 

Appurtenance  variables: 


(a) 

M 

= 

10.0  kg 

(b) 

A 

= 

2  x  radius  *  length 

A 

= 

(2) (0. 01)  (4) 

A 

a 

0.  08  m* 

<c) 

K 

= 

4 

(<i> 

H 

- 

2r  =  (2) (0. 01) 

<«) 

X 

a 

r  =  0.01  m 

(f) 

CD 

= 

(from  Figure  4-24) 

P 

3 

L.  0  r  105 

P 

3 

Po 

l.  0135  x  105 

0.  02  m 


=  1.20 


0.  99 


J 
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(5) 


Cr,  ic1 
D  S  o 

Ps  (KH  +  X) 


(1.  20)  (L  9  x  10  1  (340) 

( 1.  0  x  10J)  [  (4)  (0.  02)  V(orOiT- 


=  3.61 

(6)  Figure  4- 26.,  the  point  (I9  ,  P9)  or  (8.  6 1,  0.  99)  is  located 
above  the  V  =  SO.  0  line  at  a  location  where  one  might 
expect  V  ~  200. 

(7)  Appurtenance  velocity 

V p  A  (KH  +  X) 
v  -  o _ 

M  a 

o 

(2001  (1.  0135  x  105)  (0.081  *  (4)  (0.  02)  4  (0.  0M~ 

-  (10)  (340) 

V  42.  9  m/s  <141  ft/ sec) 

4-5  Methods  for  Computing  Fragment  Ranges  and  Impact  Conditions 

Two  methods  have  been  developed  to  estimate  the  range  and 
tenauval  velocities  of  fragments.  They  dcpcad  on  the  fragment  shapes. 

In  the  first  method,  th-  fragment  is  assusned  to  have  a  disc  shape  with  a 
diameter  a«  least  f.ve  greater  t han.  Sae  thickness  of  toe  iragment. 

For  these  fragments  lift  effects  are  taken  ante  consideration.  A  second 
method  may  be  used  where  fragments  are  *  -*h’inicy"  shaped.  These  frag* 
ments  may  be  represented  by  a  sphere  or  cade  where  no  single  linear 
dimension  can  be  said  to  be  very  much  greater  than  any  other.  For  these 
fragments  lift  forces  are  neglected  and  only  drag  forces  arc  considered. 

To  estimate  fragment  ranges,  the  following  techniques  may  be 
used  based  on  Figures  4-27  through  4-3«  which  nave  been  generated  by 
computer  codes.  The  codes  (FRI5E  anc  TRAJE)  and  their  underlyin': 
analysis  are  discussed  in  Append!..  4E.  To  determine  fragment  terminal 
velocities,  data  must  be  input  to  lh«.  codes  themselves. 
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FRAGMENT  RANGE,  x(  meters) 

(  ft  -  m  X  3.  281  ) 


Figure  4-27.  Disc  Fragment  Range  for 
V.  =  100  m/s  ,  AR  =  5 


Figure  4-28.  Disc  Fragment  Range  for 
V.  =  lOOm/s,  AR  =  10 
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Figure  4-2°.  Disc  Fragment  Range  for 
V.  =  150  rr./s,  AR  =  5 
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Figure  4  30.  Disc  Fragment  R,-  ng*  for 

V  :  ISO  m/s.  AR  =  10 
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FRAGMENT  RANGE,  x<  meters ) 


(ft  *  m  X  3.  281  ) 


Figure  4-31.  Disc  Fragment  Range  lor 

"  {  ,  V  -  200  m/s.  AR  =  $ 

?•  i 

•  I 

» 

f 
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Figure  4-32.  Diac  Fragn  enl 
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INITIAL  TRAJECTORY  ANGLE,  a j  ( decrees ) 


All  curves  are  to  the  left 
of  the  a  •  90*  line 


100  200  400  600 

FRAGMENT  RANGE,  x  (  meters  I 


(ft  =  n  X  ^.231  ) 


i^jre  4  -  3t>.  Disc  Fragment  Rang*  for 
V.  -  30 0  m/r,  AR  =  !0 


4-5.  1  Lifting  Fragments 

Where  fragments  from  hurst  in*  vessels  are  determined  to  he  f i 
nlu|H  <l,  th«-  i  oulti  i  0!H  i-iv  ibly  fly  o .*  lilt  it-  much  the  same 

m.imur  .**  .v  l-’rtsiln  ...  U  I  hi  a  occurs  the  fragment  may  go  further  than 
one  without  lift.  A  computer  program  (r  RISB)  was  ’written  to  determine 
the  trajectory  of  a  flying  disc  generated  by  an  explosion.  Details  ol  the 
FRISB  code  are  shown  in  Appendix  4E. 

Several  independent  variables  govern  the  flight  of  a  disc  fragment. 
To  determine  the  effects  at  these  variables  or  the  fragment  trajectory,  a 
number  of  sample  cases  were  analysed  by  the  FRISB  code.  A  list  of  the 
input  variables  for  the  sample  cases  is  presented  in  Table  4- i.  Plots  of 
maximum  range  versus  initial  trajectory  angle  are  shown  for  those  values 
of  the  independent  variables  in  Figures  4-27  through  4-36.  These  graphs 
may  be  used  to  predict  the  maximum  range  of  fragments  having  similar 
properties. 

The  following  information  must  be  knowr.  about  the  fragment  to 
calculate  its  range  using  the  figures: 

1.  initial  fragment  vc-locuy  -  V;  (m/s) 

2.  mass  of  the  fragment  -  M  (kg) 

3.  diameter  of  the  fragment  -  d  (m) 

4.  thickness  of  the  fragment  -  t  (m) 

2 

5.  pianform  or  top  surface  area  of  fragment  -  A  (m  ) 

6.  initial  trajectory  angle  of  the  fragment  -  a  (rad) 

The  procedure  for  determining  fragment  range  is: 

Step  i.  calculate  the  aspect  rrS.io,  AR  •*•  d/r.,  for  the  fragment 

Step  2.  calculate  the  mast  to  area  ratio  M/A  for  the  fragment 

Step  3.  locate  the  graph  for  the  assumed  value  of  V0  and  select 

the  curve  for  the  calculated  v-alue  of  the  mass  to  area 
ratio.  M/A 

Step  4.  locate  :he  point  on  the  curve  for  the  initial  trajectory, 
angle,  --  read  the  corresponding  maximum  range. 
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TABLE  4-1.  PROCRAM  FR1SB  TEST  CASES 


These  cases  were  run  for  the 

following  initial  velocities:  Lift  and  Drag  Coefficients 

Vt  =  100  m/s  C  =  .32  C  =  .  85 

D 

V-  =  150  m/s 
=  200  m/s 
V-  *  250  m/s 
Vt  =  300  m/s 


F ragment  Aspect 
Ratio  AR 


F ragment  Area 
A  - _ m 


Fragment  Initial 
Fragment  Mass  Trajectory  Angle 
M  -  kg  ai  ♦  dee. 


5 


10 


5 


0.  0139 

1 

10 

0.  0139 

1 

20 

0.  0139 

1 

30 

0.  0139 

1 

40 

0.  0139 

1 

50 

0.  0139 

l 

60 

0.  022 

1 

10 

0.  022 

i 

20 

0.  022 

1 

30 

0.  022 

1 

40 

0.  022 

1 

50 

0.  022 

1 

60 

0. 0289 

3 

10 

0.  0289 

3 

20 

0.  0289 

3 

30 

0.  0289 

3 

40 

0.  0289 

3 

50 

0.  0289 

3 

60 
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TABLE  4-1.  (cont'd) 


Fragment  Aspect 
_  Ratio  AR 

10 


■) 


10 


5 


Fragment  Initial 


F ragment  Area 

A  - 

F ragment  Mass 
M  -  kit 

Trajectory  Angle 

ai  -  deg* _ 

0.  0461 

3 

10 

0.  0461 

3 

20 

0.  0461 

3 

30 

0.  0461 

3 

40 

0.  0461 

3 

50 

0.  0461 

3 

60 

0.  0645 

10 

10 

0.  0645 

10 

20 

0.  0645 

10 

30 

0.  0645 

10 

40 

0.  0645 

10 

50 

0.  0645 

10 

60 

0.  102 

10 

10 

0.  102 

10 

20 

0.  102 

10 

30 

0.  102 

10 

40 

0.  102 

10 

50 

0.  102 

10 

60 

0.  134 

30 

10 

0.  134 

30 

20 

0.  134 

30 

30 

0.  134 

30 

40 

0.  134 

30 

50 

0.  134 

30 

60 
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TABLE  4-1.  (cont'd) 


Fragment  Aspect 
Ratio  AR 


10 


Fragment  Area 
A  -  m2 

0.  213 
0.  213 
0.  213 
0.  213 
0.  213 
0.  213 


F ragment  Mass 
M  ~  _ 

30 

30 

30 

30 

30 

30 


Fragment  Initial 
Trajectory  Angle 

10 

20 

30 

40 

50 

60 


Since  there  are  an  infinite  number  of  possible  combinations  of  the 
independent  variables,  the  graphs  presented  must  be  limited  to  particular 
values.  However,  most  of  the  curves  are  parallel  for  varying  values  of 
the  independent  variables  M/A,  AR  and  V,  allowing  estimations  to  be 
made  for  fragments  that  are  not  represented  by  the  curves  presented. 

The  procedure  for  this  extrapolation  is  explained  in  Examples  3  and  4. 

Example  1: 

Determine  the  maximum  range  of  a  disc  shape  fragment  assuming 
the  following  properties:  Vj  =  100  m/s  (328  ft/sec).  Mass  =  1  kg 
<2.  2  lbm).  Area  =  0.  0139  m2  (0.  150  ft2),  d  -  0,  15  m  {0.820  ft),  t  ^ 

0.05  m  (0.  164  ft),  and  the  initial  trajectory  of  the  fragment  at  t  =  0  was 

~i  =  30°- 

Step  1.  First  determine  the  value  of  the  aspect  ratio  tor  the 
fragment  AR  =  d/c  =  0.  25/0.  05  -  5, 

Step  2.  Determine  the  value  of  the  mass  to  area  ratio  tor  the 
fragment  M/A  =  1/0.0139  =  72. 

Step  3.  From  Figure  4-27,  which  is  the  figure  for  V  -  100  m/-. 
and  AR  -  5  (which  are  given), it  can  be  seen  that  the 
maximum  range  of  the  fragment  is  465  meters  (1530  ft). 


f 


Example  2: 


Determine  the  maximum  ranee  of  a  disc  shaped  fragment  assuming 
the  following  properties:  Vj  =  300  m/s(984  ft/sec),  Mass  =  1  kg 
(3.  2  II)  ),  Area  -  0.  0139  m2  (0.  150  ft*1),  d  =  0.  m  (0.  820  ft),  t  - 
0.  OS  n,'  (’ll.  H,'»  fi ),  and  -  -  30°. 

J»tej»  1.  Same  as  Example  1. 

Sup  2.  Same  as  Example  l. 

Step  ’>.  From  Figure  4-35  for  -  300  rn / s  and 

AR  =  5. the  maximum  range  is  18*  meters  (617  ft). 

But  this  particular  point  lies  to  the  left  of  the  straight 
line  marked,  ^  =  90°.  This  line  indicates  that  all 
events  to  the  left  of  this  line  resulted  in  the  fragment 
attaining  a  completely  vertical  flight.  At  this  point  it 
was  assumed  that  ail  lift  and  stability  were  lost  and  the 
fragment  fell  straight  to  the  ground.  -All  events  to  the 
right  of  the  line  indicate  a  "normal”  flight.  The  -  j  = 

90°  line  is  present  only  where  the  initial  velocities 
and/or  trajectory  angles  were  sufficient  to  cause  a 
vertical  trajectory. 

Example  3: 

Determine  the  maximum  range  of  a  disc-shape  fragment  ass;Lming 
the  following  properties:  V-  =  230  m/s  (735  ft/sec).  Mass  =  18.6  kg 
(40.  9  lb  ),  A  =  0.  155  m2  ( l.  67  ft2),  d  =  0. 444  m  ( l.  46  ft),  t  ^ 

0.  0444  m  (0.  146  ft),  and  -j  =  30°. 

Step  l.  Calculate  the  aspect  ratio  for  the  fragment  from  Che 
assumed  data.  AR  =  0.444/0.0444  =  10. 

Step  2.  Calculate  the  mass  to  area  ratio  for  the  fragment  fiom 
the  assumed  data.  M/A  =  18.  6/0.  155  =  120. 

Step  3.  Since  no  graph  exists  for  V-  =  230  m/s  we  must  inter¬ 
polate  using  the  graphs  for  Vd  =  200  and  Vj  =  250  m/s, 
AR  -  10. 

A  curve  tor  M/A  =  120  also  does  not  exist  so  an  interpolation  pro¬ 
cedure  mist  also  be  used  here.  The  curve  for  both  graphs  tnd  all  values 
of  M.4  are  essentially  parallel  so  it  will  only  be  necessary  to  determine 
one  point  at  the  correct  M/A  and  Vq  to  construct  the  curve  for  all  vaiu»s 
of  i  A :  rt  -  30°  for  M/A  =  98  and  14  1  for  both  V  =  200  and 

0  i  1 
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I 


1 


I 


.  T  . 


=  230  (Figure  4-32  and  4-34)  read  the  values  of  range. 


V.  =  200  m/s 

i 


V.  =  250  m/s 

l 


=  30 
i 


M/A  =  93  Range  =  283  m 


M/A  =  98  Range  =  255 


M/A  =  141  Range  =  440  m 


M/A  =  141  Range  =  400  m 


Step  4.  For  each  velocity  find  the  range  for  M/A  =  120  uy 

interpolating  between  M/A  =  98  and  M/A  =  141.  For 
=  200  m/s: 

Range  Difference  440  -  283  =  157  m 

M/A  Difference  141  -  98  =  43  kg/m2 

or  ~  3. 65  m/(kg/m“) 

The  difference  between  value  of  nearest  curve  and 
required  value  of  M/A  is: 

141  -  120  =  21  kg/m2 

The  amount  of  change  in  the  range  for  this  increment  is: 

21  kg/m  (3.  65)  m  /(kg/m2)  =  77  m 

The  range  at  M/A  =  120  will  therefore  be 

440  m  -  77  -  363  m 

Similarity  tor  V-  =  250  m/s 


440  -  265  =  135 


141  -  68  -  43 


135/43  -  3.  13  m  (kg/m  ) 


(21)  (3.  13)  ^  66 


440  -  66  -  334  in 


-J-oo 


v 


-  *.  — —  ...  i .  .  . _  .  i 


•  -  M 


With  these  values  of  range  curves  for  M/A  =  120  can  be  con¬ 

st  ructc<l  by  drawing  the  curves  parallel  to  the  curve  for  ether  values  of 
M/A  ami  through  tnosc  values  of  range  at  •  -  -  30  . 

St  <-;>  S.  With  tlu- s«-  values  .->1  range  lor  M/A  I  20.  iiile  r[Hj|.il  «■ 
for  the  correct  vclot  ity  of  V.  -  <130  r,i/s. 

i 

Difference  in  range  for  Vb  -  200  m/s  ani  V.  -  250  m/ 

is  363  -  3 3-4  rn  =  29  in 


The  velocity  difference  is  2e'0  -  20(J  -  50  m/  >, 


The  change  in  range  per  1  m/scc  change  in  velocity  u 

29  m 


50  m/scc 


58  m  /(m  / s ) 


The  change  in  range  from  200  to  .130  m/s  is: 
(30)  (.  58)  =  17  m 


Since  the  range  is  decreasing  with  increasing  velocity, 
the  range  for  M/A  =  120,  V-  =  230  m/s  wi!.i  be: 

36?  -  17  =  346  m  (1140  ft). 


A  curve  can  be  constructed  to  give  the  values  of  range  at  other 
values  of  -  using  the  procedure  described  in  Step  4. 

Example  4: 

Determine  the  maximum  range  of  a  disc-shape  fragment  assurrung 
the  following  properties:  vh  =  448  m/s  (1470  ft/sec),  M  =  0.0495  kg 
(0.  109  lbm),  A  =  0.  00129  m2  (0,  0139  ft2),  d  »  0.  40  m  ( l.  3  l  ft),  t  = 

0.  00919  m  (0.  030  ft)  and  ^  =  15°. 

Step  1.  Calculate  the  aspect  ratio  for  the  fragment  from  the 
assumed  data,  AR  =  0.040/0,00919  =  4.4. 

Step  2,  Calculate  the  mass  to  area  ratio  for  the  fragment  from 
the  assumed  data.  M/A  =  38.4. 

Step  3.  Since  no  graph  exists  for  a  V.  =  448  m/s  and  an  AR  = 

4.  4  we  must  choose  Figure  4-35  for  VV  =  300  m/s, 

AR  =  5  to  obtain  an  approximation  for  range.  There  is 
no  curve  in  Figure  4-35  for  which  M/A  =  38  but  the 
curves  are  parallel  and  evenly  spaced.  Between  M/A  = 
72  and  M/A  =  104  at  =  40°  there  is  a  difference  in 
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<_■  0  in 

range  of  '.*0  meters  or  —rr - —  =  18S  - —  . 

134  -  72  2 

kg  /m 

F rom  M /A  =  104  to  M /  A  =  1 55  at  or  =  40*  .  there  i s 

1  1  0 

a  difference  in  range  of  HO  meters  or  — — - — —  = 

1  5 1  •  1  w4 


2.  lo  - —  .  This  is  an  average  of  about  2 - - 

kg  /m  kg  fm  ^ 

It  is  required  to  construct  a  curve  for  M /A  =  38  kg/rn*’. 
The  nearest  curve  to  this  value  is  M/A  =  72  icr  a  dif¬ 
ference  of  72  -  38  =  34  kg/m^.  The  value  of  the  range 
fcr  M /A  =  38  at  40*  should  be  about  TO  meters.  Con¬ 
struct  a  curve  through  this  point  and  parallel  to  the 
other  curves.  The  range  for  =  15°  is  then  read  as 
155  meters  /50b  ft). 


This  particular  case  was  checked  Hy  substitution  of  the  assumed 
data  into  the  FRISB  code  (described  in  Appendix  4E).  Tr.c  rnixi.num 
range  predicted  by  the  code  was  142  meters  which  is  about  8,po  Lower  than 
the  curve  approximation. 

Several  cases  where  the  initial  conditions  did  not  match  a  particular 
graph  were  checked  in  this  manner  to  determine  the  accuracy  of  the 
approximation.  The  error  ranged  from  5%  to  80%.  The  greates*  errors 
occurred  when  trying  to  predict  the  range  for  values  of  (M/A’  -  20. 

These  checks  indicate  that  although  the  predictions  from  intv rpolation  are 
crude,  they  provide  a  means  of  obtaining  a  rough  c-der  cf  magnitude  for 
the  fragment  range,  when  gross  extrapolations  ar  required. 

The  FRISB  code  may  also  be  used  to  predict  the  trajectory  of  a 
fragment  that  generates  no  lift  as  does  the  TRAJE  code.  A  value  of  C  ^  - 
0  is  input  into  FRISB  for  this  computation.  Tie  code  can  also  In-  used 
to  predict  the  trajectory  of  a  fragment  that  is  long  and  thin  and  spins  like 
a  helicopter  rotor  blaue.  The  input  involved  for  the  use  of  this  mature*  is 
presented  ir.  Appendix  4E  along  with  a  discussion  of  the  analysis  procedure. 

4-5.  2  Drag  Fragments 

Some  fragments  are  shaped  such  that  no  one  linear  dimension  is 
significantly  greater  than  any  ether.  The  maximum  range  for  such  frag¬ 
ments  (i.  e.  ,  chunky  fragments,  fragments  which  can  he  approximated  by 
a  cube  or  sphere)  car.  be  obtained  U3ing  the  technique  to  be  described. 

Required  input  data  are  the  initial  velocity,  V.  ,  of  the  fragment,  a 
characteristic  area  A  of  the  fragment  (which  can  be  generated  as  shown 
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below),  the  mass  of  the  fragment,  and  an  initial  trajectory  ancle  or 
spc'-lrmtt  of  initial  trajectory  angles,  .  Typical  steps  in  the  procedure 
Tor  calculating  the  maximum  range  from  Figures  4*37  through  4-4$  arc 
the  following: 

Step  I.  Find  the  characteristic  area  of  the  fragment: 

(a) 


(b) 


Step  2.  Calculate  the  mass  area  ratio  for  the  fragmp.it,  M/A. 

Step  3.  Consult  Figures  4-37  through  4-45  to  find  the  figure  for 

a  V-  and  A  value  most  nearly  equal  that  of  the  frag¬ 
ment  considered.  Linear  interpolation  can  be  used 
where  necessary  (see  example  problems). 

Step  4.  Read  the  maximem  range  from  the  figure  tor  the  M/A 
of  Step  2  and  the  initial  trajectory  angles  considered. 

For  a  more  precise  range  calculation  the  computer  code,  TRAJE, 
used  to  generate  these  figures  may  be  used  along  with  the  input  data  for 
the  fragment. 

Example  1.  Ter  Drag  Fragments 

Assume:  A  nearly  spherical  shaped  fragment  that  can  be  approxi¬ 
mated  by  a  sphere  of  radius  R  -  584  mm  (0.  19?  ft)  having  an  initial 
velocity  of  200  rr/s  (656  lt/sec)  and  m^de  out  of  steM.  Find  the  maximum 
nr.’e  expected  for  any  initial  trijectory  ancle. 

Step  l.  The  characteristic  area  oi  the  fragment  is,  by 

method  (a) 


from  tne  equation 


where  V  is  the  fragme  it  volume.  V  may  be  ob¬ 
tained  from  the  ma-s  of  the  fragment,  M,  and 
its  density,  .  from  the  equation 

V  =  U/r 

from  the  projected  area  of  the  fragment  if  it  has 
three-dimensional  symmetry  or  can  be  nearly 
approximated  by  a  solid  of  three-dimensional 
symmetry  (i  e.  ,  a  sphere  or  a  cub  ). 
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{  it  =  m  X  3.  231  ) 


Kicurt?  4-3~,  Fragm^n^  Rar,^"  lor  Drac  F  rai-me  ot  s  , 
V  =  300  m 's ,  A  -•  0.  005157  m2 

l 
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FRAGMENT  RANGE,  x  f  meters ) 


FRAGMENT  RANGE,  x!  meters) 


l  ft  =  .n  X  3.23  i  ) 


4‘).  Fra  srrsent  R  irse  for  Draij  rM; 
V.  -  100  m/s.  A  --  0.  0C.:;.’t  n.'’- 
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r  ij'.rf:  4-41.  Fragment  Rani;c  for  Drae  F ra^rru-r.!  =  . 
V  ■=  1 00  m/s,  A  -  0.01073  m’ 


FRAGMENT  RANGE,  x(  meters) 

(IT  ■  rv.  X  2.  1*.  I  ) 


F'lu-re  4-4V  Fraericn!  ’.or  Dra-  ! '  ra  jnn- n!  s  . 

V  "  200  m/s,  A  *  0 .  1 1  < )  o  l  ^  7  n ;  ^ 


Figure  4-4'j.  Fragment  Ranee  for  Di  e  Fracnu-n!  •(. 
V  =  200  m/s.  A  -  0.  02  3°4  m2 

l 
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A[  :  r  (4/3)-R3;2/?  -  2.  60  R2  =  0.  0088?  m2 

by  method  {h) 


Ttl2-  *4/3  -  *ft3 


Step  2.  Calculate  the  mass  area  ratio  for  the  fragment  where 


M  =  ->V  =  (4/3>-  R" 

For  a  sohe  re 


steel 


-  7.  8  g / cm" 


therefore 

M  =  (7.  8)  (4/3)  (-)  (5.  84)3  =  6.51kg 

using  from  Step  1, 

M/A2  =  6.51/0.0107  =  608  kg/m? 

Step  3.  The  given  V-  of  200  m/s  and  A7  -  0.  0107  m” 

corresponds  to  values  for  Figure  4-41.  rom  this 
figure  it  can  be  seen  that  the  maximum  range  for  a 
fragment  having  an  M/A  of  932  kg/m^  is  x-  =  1290  m 
and  for  an  M/A  of  280  kg/m^  is  Xj  =  900  m. 

Step  4.  By  linear  interpolation  for  our  M/A  of  608  *g/m2 


-> 


=  M/A  = 

280 

kg/m“ 

x  ^  -  900  m 

m2 

=  M/A  = 

608 

kg/m2 

x  =  ’ 

2 

m 

=  M/A  = 

932 

xt  -  1300  m 

4-7 


(m  -  m  ) 

*2  =  (X3  '  V  (m,  -  n,,)  *  *1 


*2  *  (»«Q»--x>«)-  {Mf-I  iloj  *  500 

=  1352  m  (4,  430  ft) 


Example  2,  For  Drag  Fragments 

Assume:  A  chunky  aluminum  fragment  of  a  mass  of  approximately 
1.  20  kg  (2.  64  lbm)  and  an  initial  velocity  of  250  m/s  (820  ft/sec).  FLcd 
the  maximum  range  expected  for  any  initial  trajectory  angle. 

Step  1.  The  characteristic  area  of  the  fragment  is,  by 
ni  ethod  (a) 

A  =  (M/n)^/3 

from  density  tables 

:  =  2.  7  e/cm3 

A  1 

therefore 

A  =  (1200/2.  7)'  /3  =  53.3  cm2  =  5.  83  x  lo' J  tr.2 

Step  2.  M  is  given  as  M  =  1.  2  kg  taking  A  from  Step  i,  thus 


M/A  = 


l.  2 


5.83  n  10 


-i 


206  kg/m 


Step  3.  A  conservative  value  (or  the  range  will  be  obtained  by- 

using  data  from  Figures  4-40  and  4-43  for  a  fragment 
of  characteristic  area  5.  16  x  10'^  m  which  is  sliehtl-. 
less  than  the  area  of  the  fragment  considered,  calcu¬ 
lated  in  Step  1. 


1  rum  Figure  4-40.  for  a  fragment  having  Vj  =  200  m/s  we  ruv 

obtain  a  maximum  range  for  M/A  -  206  kg/m*"  by  linear  inte rpolation 
from  the  maximum  ranges,  x,  for  M/A  ratios  most  neatly  greater  and 
less  chcr.  M/A  -  206  kg/m^: 
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« 


l 


m  , 


M/A  = 

194  kg /m4-  -  700  m 

M/A  = 

206  kg/m2  =  ? 

M/A  = 

-2 - -  .  .. 

582  kg/m  x  =  .400  m 

<m2  -  t 

x3  '  x  1  (m3  - 


x  =  (1400  *  400J  ^°-6— '-(^4) 
l  '  '  (58 2  -  15-4) 


700 


x  =  720  m 

l 


From  Figure  4-40,  for  a  fragment  having  a  -  300  m/s  we 
may  obtain  a  maximum  range  for  M/A  -  206  kg/m  by  linear  inter¬ 
polation  as  in  the  previous  paragraph. 


Step  4. 


M/A 

=  194  kg/m2 

1 

X1 

-  350  m 

M/A 

=  206  kg  /m2 

I 

X2 

-  3 

M/A 

=  582  kg/m2 

X3 

=  1920  m 

(1920  - 

350)  L^ofe-zJi-U 

1  (582  -  194) 

T 

35  0  i  880  tn 

Interpolating  for  a  V. 
values  found  for  Vj  = 

=  250  m/s  between 

2C0  m/s  and  300  m 

f 

X2 

*  <X2  *  XZ> 

(250 

(300 

^SSl  ♦  x 
-  200)  2 

=  (880  -  700)  1  /2  4.  700 

=  790  m 

A  conservative  valoe  for  range  for  this  fragment  is  790  m  (2590  ft). 
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Example  3.  For  Drag  Fragments 

Assume:  A  titanium  alloy  fragment  with  a  mass  of  3.  12  kg 
(6.  8-4  lbm)  initial  velocity  of  125  m/s  (410  ft/sec).  Find  its  maximum 
range  for  any  initial  trajectory  angle. 


Step  1. 


A  =  (M/nTi)2/3 


since 

*'T 

A  = 


4.  46  g/cm 

3  2/3 

3.  12  x  10 
4.  46 


=  79  cm2  -  7.  0  x  10  3m2 


Step  2.  M/A  =  3‘  12 — —  -  395  kg/m2 

7. 9  x  10 

Step  3.  Fcr  a  conservative  value  for  range  use  Figures  4-37 
and  4-40  for  an  A  5.  15  x  10*^  which  is  less  than  the 
area  of  the  fragment  considered,  from  Figure  4-37. 


for 

V.  =  100  m/s 

1 

A  =  5.  15  x 

10  'm 

M/A  = 

194  kg/m2  X. 

=  420  m 

for 

V  =  100  m/s 

1 

A  =  5.  15  x 

10-3m2 

M/A  ^ 

382  kg/m2 

-  660  m 

therefore,  interpo'ating  as  in  the 

previous 

example  s 

for 

an  M/A  -  393 

kg/m^ 

for 

V  =  100  m/s 

i 

A  =  5.  15  x 

10-3,n2 

M/A 

39:<  kg  /rn~  X  ^ 

-  944  m 

From  Fic'ire  !-40,  similarly 


4-3  2 


M  /  A 


for  V. 
1 


200  m/s  A 


5.  15  x  10  m 


395  kg/m2  =  1062  m 

into rpolali.ni;  fora  Vk  of  125  ni/s 

Vj  =  125  m/s  A  =  5.  15  x  10*3m2  M/A  = 

395  kg/m2  X"  =  6?3  m 

Thus  a  conservative  value  for  the  range  would  be  67 3  m  (2210  ft). 

4-5.  3  For  Cylindrical  Propellant  Tanks 

Data  from  initial  velocity  measurements  of  fragments  from  Pro¬ 
ject  PYRO  experiments  (Referen  e  3)  v.ere  used  to  derive  an  estimate  of 
the  fragment  initial  velocity  distr.  ition.  For  medium  percent  yields 
(5  to  15%),  Figures  4-46  and  4-47  present  the  fragment  initial  velocity 
distributions  for  LO ^/LH^  ,  and  LO2/RP-I  respectively,  confined  in  a 
cylindrical  missile  (CBM).  For  medium  percent  yields  (5  to  »5%)  Figures 
4-48  and  4-49  show  the  fragment  initial  velocity  distributions  for  LOW 
LK2  and  LOt/RP-I  re  »ectively  confined  by  the  ground  surface  (CSC-S). 

In  the  CBGS  testa,  the  missiles  were  allowed  to  fall  back  to  the  pad.  In 
the  CBM  tests,  the  bulkheads  between  the  LC>2  and  LH^  were  ruptured, 
allowing  the  liquids  to  mix  inside  the  missile. 

Figures  4-46  through  4-49  can  be  used  to  estimate  the  percentage 
of  fragments  which  will  have  an  initial  velocity,  V-  .  equal  to  or  less  than 
a  particular  V-  . 

For  example,  if  we  wished  to  estimate  the  percentage  of  frag¬ 
ments  which  would  have  an  initial  velocity  equal  to  or  less  than  1,  COO 
m/s  (3230  ft/sec)  for  a  LO2/LH7  CBM  case,  we  would  refer  to  Figure 
4-46  and  on  th"  ...jtial  velocity  axis  (abcissa)  at  1.  000  m/s  go  upward 
to  the  intersection  with  the  line.  Then,  at  the  intersection  point  read  the 
percentage  value  from  the  ordinate,  which  is  95.  5%.  Conversely,  if  we 
wanted  to  know  what  initial  velocity  90%  of  the  fragments  would  not  exceed, 
we  would  enter  the  chart  on  the  90%  line,  go  over  the  intersection  with 
the  curve  and  read  downward  to  the  initial  velocity  axis  the  value  680  m/s 
(2230  ft/sec). 

Figure  4-50  is  a  plot  of  fragment  initial  velocity  versus  yield  (%) 
for  LO^/LHi  CBM  tests  listed  on  page  86  of  Reference  3.  A  95th 
percentile  has  been  included  based  on  the  same  standard  deviation  as  ..e 
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Figure  4-48.  Initial  Velocity  Distribution, 
CBGS,  L02/LH2 
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PERCENTAGE  OF  FRAGMENTS  WITH  INITIAL  VELOCITY  EQUAL  TO  OR  LESS  THAN  Uj 


INITIAL  VELOCITY  U,  meters /second 


I 

( 

.1  - 


.  V  - 


distribution  shown  in  Figure  4-46.  From  Figure  4-50,  for  a  yield  of 
50%,  we  would  expect  that  95%  of  the  fragments  would  have  an  initial 
velocity  of  1900  m/s  (6230  ft/sec)  or  less. 

Details  on  the  derivation  of  Figure  4-46  through  4-50  arc  given 
in  Appendix  4A,  Sections  4A-  1  and  4A-2. 

4-6  Fragment  Mass  Distribution 

4-6,  1  Propellant  Explosions 

From  the  data  in  Reference  3,  the  fragment  mass  (weight)  follow¬ 
ed  log  normal  distributions.  That  is,  the  logarithms  of  the  fragment 
masses  followed  a  normal  or  Gaussian  distribution. 

Figure  4-51  and  4-52  present  the  fragment  mass  (W^)  distribution 
for  two  events  taker,  from  Reference  3.  These  were  termed  Events  1  and 
2,  and  were  Saturn  IV  confined-by-missile  (CBM)  explosions.  Event  1 
had  a  percent  yield  of  5%,  and  Event  2  a  yield  of  1.  1%. 

Figure  4-53  is  an  average  of  the  distribution  of  Events  3,  4,  and 
5  from  Reference  3.  These  events  were  spill  tests  using  three  tanks  on 
120  radials  with  LO^/Lh^/RP-  1,  and  mixing  on  the  ground  (CBGS).  The 
rationale  for  averaging  the  distribution  of  these  events  is  given  in 
Appendix  4F. 

These  charts  can  be  used  in  the  same  manner  as  Figures  4-46 
through  4-50  are  used  for  fragment  initial  velocity. 

4-6.2  Gas  Vessel  Bursts 

In  experiments  by  Pittman,  (Reference  4),  five  tanks  (two  cylin¬ 
ders  and  three  spheres)  were  ruptured  by  increasing  pressurization 
until  rupture.  The  tanks  were  made  of  the  same  material  (Ti  6  A1  4V 
alloy)  with  an  ultimate  stress  (-7U)  of  1.  05  GPa  (150,  000  psi).  Pertinent 
data  and  calculated  parameters  for  four  of  the  tanks  are  given  in  Table 
4-2,  where  W  is  the  geometric  mean  fragment  mass,  W(T)  is  the  tank 
weight,  P  is  the  burst  pressure,  and  E0  is  the  energy  of  detonation  of  1 
gram  of  TNT  or  4190  J.  It  is  interesting  to  note  that  the  ratio  'W/W(T)"* 
doubles  while  the  ratio  (P/cu)  changes  by  an  order  of  magnitude.  As 
shown  in  Appendix  4F,  the  fragment  mass  follows  a  log  normal  distribu¬ 
tion.  That  is,  the  logarithims  of  the  fragment  masses  follow  a  normal 
or  Gaussian  distribution. 
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TABLE  4-2.  PARAMETERS  OF  BURSTING  TANKS 


Tank  # 

Burst 

Pressure  (P) 
MPa 

Volume 

m3 

A 

4.  309 

0.  038 

B 

4.  137 

0.  048 

D 

55.  160 

0.  170 

E 

56.  050 

0.  170 

Mean 

Frag. _ 

Mass  (W) 

2 

W 

wm 

_P 

"u 

PV 

Eo~ 

19.  5 

0.  00505 

0.  0042 

3? 

20.  6 

0.  00444 

0.  0040 

47 

713 

0.  00917 

0.  0533 

2,  238 

795 

0.  00964 

0.  0542 

2,  274 

Tests  for  significant  differences  in  means  were  made  for  Tanks  A 
and  B  and  for  Tanks  D  and  E.  As  shown  in  Appendix  4F  no  significant 
difference  was  found,  so  the  fragment  mass  distribution  of  Tanks  A  and  B 
and  of  Tanks  D  and  E  were  averaged.  These  average  distributions  arc 
shown  in  Figures  4-54  and  4-55.  These  figures  can  be  used  for  fragment 
mass  estimation  in  the  same  manner  as  Figures  4-46  through  1-50  are 
used  for  fragment  initial  velocity  estimation. 

Figure  4-56  is  a  plot  o(  normalized  yield  (PV/EQ)  versus  mean 
fragment  mass  (W)  for  the  four  tanks.  Two  of  the  four  points  are 
clustered  at  each  end  of  the  range  shown  in  Figure  4-56.  Thus,  the 
response  in  the  middle  of  the  range  is  still  unknown.  That  is,  the  rela¬ 
tionship  of  W  to  PV/E0  may  not  be  linear  on  a  log-log-scale.  Data 
points  in  the  mid-ranges  are  needed  to  confirm  or  deny  the  linear  rela¬ 
tionship. 

With  the  risks  described  above,  one  can  estimate  mean  fragment 
mass  for  any  decided  ratio  of  PV/EC  up  to  3  kg.  One  could  then  estimate 
the  90th  percentile  of  the  distribution  (that  value  of  fragment  mass  which 
would  equal  or  exceed  the  mass  of  90%  of  the  fragments)  by  using  the 
estimate  of  the  standard  deviation  (S)  from  the  average  of  Tanks  D  and 
E  (1.695).  An  example  follows: 

g 

For  a  burst  pressure  (P)  of  10  Pa  (  1 ,  400  psi )  and  a  tank  vol uim- 
of  0.  HO  n.3  (2.  H3  ft3) 

8  6 

PV  =  (.  080)  (10  )  -  8  x  10 


1900 


i 


.  *  . 


8.  000,  000 

4190 


Entering  the  chart  (Figure  4-56)  on  the  abscissa  of  1900,  reading 
up  to  the  intersection  of  the  line  and  over  the  ordinate,  a  value  of  560  g 
is  obtained  for  mean  fragment  mass.  Any  Percentile  (Pp)  value  of  frag¬ 
ment  mass  can  then  be  estimated  by  the  formula: 


Pp  =  exp.  (In  W  +  K  s }. 

where  W  is  the  mean  mass,  s  is  the  estimate  for  the  standard  deviation, 
and  k  is  a  value  from  the  normal  distribution  table.  Typical  values  are 
shown  in  Table  4-3. 

For  the  90th  percentile, 


p90  =  exp  r  In  560  +  1.  28  •  1.  695  ^ 

=  exp  (8.4976)  =  4.  903  kg  (10.  79  ibm) 

Thus,  one  would  expect  that  90%  of  the  fragments  would  have  a 
mass  equal  to  or  less  than  4.  903  kg  (10.  79  lbm). 


TADLE  4-3.  VALUES  OF  k  OF  PERCENTILES 
OF  THE  NORMAL  DISTRIBUTION 


Percentile _ 99 _ 95 _ £0 _ 80 _ 70_ 

k  2.33  1.65  1.28  0.84  0.53 


4-7  Probability  of  Fragment  Arrival  Versus  Range 
4-7.  1  Propellant  Explosions 

From  Reference  3,  Figure  4-57  is  a  representation  of  fragment 
distance  versus  percent  yield,  with  a  95  percent  confidence  interval. 
The  derivation  of  this  figure  is  explained  in  Appendix  4F. 
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Figure  4-56.  Normalized  Yield  V«  Mean  Fragment  Mas* 
for  Bursting  Tanka 
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Figure  4-57  can  be  used  to  estimate  the  mean  distance  of  a  frag¬ 
ment  range  for  any  given  yield  (percent).  Also,  one  can  obtain  a  95% 
confidence  level  on  maximum  distance.  For  example,  given  a  yield  of 
20%,  one  would  expect  that  95%  or  more  of  the  fragments  would  fall 
within  560  meters  of  the  explosion  center. 

4-7.2  Gas  Vessel  Bursts 

In  the  experiment  by  Pittman  (Reference  4),  the  fragments  from 
the  bursting  tanks  were  partially  contained  in  a  circular  area  with  a  20 
foot  radius  with  8  ft  high  walls  on  the  perimeter.  Thus,  the  data  on  the 
fragment  range  was  severely  biased. 

However,  by  exercising  the  computer  programs  (Appendix  4E) 
for  fragment  range  as  a  function  of  fragment  mass,  drag,  and  flight 
angle,  a  distribution  of  fragment  ranges  was  obtained  for  each  of  four 
tanks.  These  distributions  were  well  fitted  to  members  of  the  normal 
of  Gaussian  family. 

Then,  "t"  tests  for  significant  difference  in  mean  ranges  for 
Tanks  A  and  B  and  for  Tanks  O  and  E  were  made.  In  the  statistical 
sense,  there  were  no  significant  differences  in  means  between  Tanks  A 
and  B,  and  between  Tanks  D  and  E, 

Figures  4-58  and  4-59  present  these  simulated  fragment  range 
distributions  for  Tanks  A  and  B  and  for  Tanks  D  and  E  respectively. 
These  charts  can  be  used  to  estimate  fragment  range  for  similar  gas 
vessels. 

Complete  details  on  the  derivation  of  the  simulated  fragment 
range,  goodness  of  fit  teste,  and  "t"  tests  are  given  in  Appendix  4F. 


r* 


4-99 


;  Distribution  tor  Spheres, 


UST  OF  REFERENCES 


Boyer,  D.  W. .  H.  L.  Brode,  1 .  L  Glass,  and  J.  C.  Hall,  Blaat 
From  a  Pressurized  Sphere.  UT1A  Report  No.  48,  Institute  of 
Aerophysice,  University  of  Toronto,  1958. 

Taylor,  D.  B.  and  C.  F .  Price,  "Velocities  of  Fragment  From 
Bursting  Gas  Reservoirs,  "  ASME  Transactions.  Journal  of 
Engineering  for  Industry.  November  1971. 

Baker,  W.  E.,  V.  B.  Parr,  R.  L.  Bessey,  and  P.  A.  Cox, 
"Assembly  and  Analysis  of  Fragmentation  Data  ior  Liquid 
Propellant  Vessels,"  NASA  Report  CR- 134538.  January  1974. 

Pittman,  J.  F. ,  "Blast  and  Fragment  Hazards  From  Bursting 
High  Pressure  Tanks",  Naval  Ordnance  Laboratory  Report 
NOLTR  72-102,  May  1972. 


i 

If 

f 

0, 

C\ 

I 


APPENDIX  IV.  A 

METHODS  FOR  ESTIMATING  FRAGMENT 
INITIAL  VELOCITIES 


Figure  4A- 1  shows  the  conceptual  models  used  in  analysing  burst¬ 
ing  confinement  vessels  to  obtain  estimates  of  initial  fragment  velocities. 

The  spherical  confinement  vessel  case  has  been  discussed  in  References 
1  and  2.  For  this  case  the  sphere  is  conceived  of  as  fragmenting  into  n 
fragments  of  circular  projection,  and  the  fragments  travel  in  a  radial  direc¬ 
tion  without  tumbling.  The  energy  of  the  confined  gas  is  partitioned  between 
the  kinetic  energy  of  the  fragment,  the  energy  of  the  gas  escaping  between 
the  cracks  between  the  fragments  as  they  are  formed,  and  the  energy  of  the 
expansion  of  the  internal  gas.  The  equations  of  motion  for  the  fragments 
are  developed  in  Reference  2,  and  a  computer  code  SPHER  has  been  de¬ 
veloped  for  the  solution  of  these  nonlinear  differential  equations  describing 
the  fragment  motion.  Solution  of  the  differential  equations  is  accomplished 
by  use  of  Runge-Kctta  integration  techniques.  Program  SPHER  appears  at 
the  end  of  this  appendix  with  a  description  ol  the  input-output  variables. 

Figure  4A-1  also  shows  the  conceptualisation  of  a  cylinder  fragment¬ 
ing  into  n  fragments.  For  this  case,  the  fragments  are  considered  to  be 
strips  which  move  radially  from  the  center  of  the  cylinder.  Motion  of  the 
cylinder  ends  is  not  considered.  Figure  4A-2  shows  the  geometric  param¬ 
eters  of  the  cylinder  used  in  the  analysis.  A  cylinder  of  length  L  and  radius 
R  is  assumed  to  burst  into  n  strip  fragments  of  width  d  and  thickress  th . 

A  cross-section  of  each  strip  is  a  segment  of  the  cross-section  of  the  cylin¬ 
der  having  a  segment  height  of  h  and  segment  diameter  d  .  In  the  following 
analysis,  the  projected  area  of  each  fragment  is  obtained  from  the  surface 
area  and  the  initial  subtended  angle  of  the  fragment  at  the  center  of  the 
cylinder,  with  the  result  being  Equation  (4A -11).  The  area  of  a  c rack  about 
any  fragment  at  any  time  is  obtained  by  assuming  the  cracks  only  foim 
lengthwise  along  the  cylinder,  and  by  obtaining  an  equation  for  the  width 
of  these  cracks  in  terms  of  the  initial  radius  of  the  cylinder  and  the  radial 
distance  r  ,  the  fragment  has  traveled  at  any  time,  t .  The  equation  for 
fragment  area  is  given  in  Equation  (4A-14).  One  of  the  differential  equations 
of  motion  derived  on  the  basis  of  an  adiabatic  gas  expansion  and  radial  mo¬ 
tion  of  the  fragments  is  the  same  for  this  analysis  as  it  was  for  the  sphere, 
as  are  the  general  equations  used  for  nondimensionalization;  see  Equation 
(4A-15).  A  second  differential  equation,  Equation  (4A-35),  is  obtained  from 
the  perfect  gas  law  assumption,  an  equation  for  the  mass  flow  of  gas  through 
the  cracks  formed  between  the  fragments  [Equation  (4A-19)[,  and  cylinder 
geometry  considerations.  Values  for  the  nondimensional  constants  are  also 
obtained  through  these  considerations  and  are  given  in  Equations  (4A-36) 
and  (4A-37). 
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Figure  4A-1.  Conceptual  Models  of  Bursting 
Confinement  Vessels 


Figure  4A-Z.  Geometric  Parameters  for  a 
Fragmenting  Cylinder 
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This  analysis  does  not  take  into  account  the  stored  energy  (strain 
energy)  in  the  walls  of  the  container  immediately  prior  to  burst.  The 
strain  energy  for  the  spherical  containment  vessel  case  can  be  shown  to 
be  given  approximately  by: 


SE  =  2  it  R2h  (1  -  K) 


(4  A  - 1 ) 


where 


o  =  the  stress  in  the  container  wall 

y 

SE  =  the  strain  energy  stored  in  the  vessel 
R  =  the  sphere  radius  before  burst 
h  =  the  sphere  wait  thickness 
w  =  Poisson's  ratio  for  the  material 


E  =  the  bulk  modulus  for  the  material 


This  equation  may  be  written: 


SE  _  „RV  ( 

SE  -  «R  P  (2Eh) 


(4A-Z) 


where  P  is  the  pressure  of  the  confined  gas,  by  substitution  of  the  approxi¬ 
mate  relation, 


2  h  o  =  R  P 

y 


(4A-3) 


The  stored  energy  in  tut  confined  gas  is 


4tt  PR 
3  (K  -  1 ) 


(4  A-4) 


Thus,  the  ratio,  e,  of  the  strain  to  stored  energy  is 


3R  P  (1  -  7)  (K  -  1) 


(4A-5) 


For  a  steel  container  pressurized  with  air  having  R  /h  <  100  , 


tfL  -  4 


t  t'f’l  V  * 


\ 


o 


e  =  5.25  X  10*6  P  (kg/cm2) 

rr  3.70  X  IQ*7  P  (psi) 

=  5.  37  X  10*11  P  (Pa) 

Thus,  even  for  this  vury  high  radius-to-thickness  ratio,  pressure  would 
have  to  exceed  10$  psi  to  produce  significant  strain  energy  (3%)  relative  to 
the  total  energy  available.  We  therefore  conclude  that,  as  a  rtr'e,  strain 
energy  can  be  neglected.  This  is  emphatically  not  true  when  the  vessel 
rupture  process  is  similar  to  that  of  a  high  explosive  bomb  casing  burst, 
where  considerable  expansion  of  the  case  occurs  before  rupture  (up  to  1.8 
radii). 


A  computer  code  for  the  simultaneous  solution  of  nonlinear  differ¬ 
ential  equations  [Equations  (4A-15)  and  (4A-35)]  (CYL1N)  has  been  developed. 
This  code,  similar  to  code  SPHER,  uses  the  Runge-Kutta  Integration  tech¬ 
nique  for  the  solution  of  the  differential  equations.  The  code,  along  with 
definitions  for  its  input  and  output  parameters,  is  given  at  the  end  of  the 
appendix.  Figures  4A-3  and  4A-4  show  comparative  results  from  the  two 
computer  codes.  Figure  4A-4  shows  the  maximum  fragment  velocities 
predicted  for  spheres  and  cylinders  of  equivalent  volume  as  a  function  of 
the  number  of  fragments  assumed.  For  all  cases,  the  value  for  maximum 
fragment  velocity  becomes  a  constant  when  more  than  about  10  to  30  frag¬ 
ments  are  assumed.  In  general,  for  equal  volumes  and  radii,  the  sphere 
fragment  velocities  are  less  than  the  cylinder  fragment  velocities.  This 
may  be  because  of  the  assumption  that  no  energy  is  used  in  accelerating 
the  ends  of  the  cylinders.  Thus,  more  energy  is  available  for  the  fragments 
formed  from  the  cylindrical  wall.  Figure  4A-3  gives  comparative  results 
for  maximum  fragment  velocities  for  the  two  geometric  cases  versus  mass 
ratio  for  gases  of  various  specific  heat  ratios.  Again,  the  predicted  cylindri¬ 
cal  velocities  are  higher  than  that  of  the  spherical  velocities. 

Some  empirical  verification  of  the  results  from  program  SPHER  is 
given  in  Appendix  IV.  B.  Very  little  data  are  available,  however,  to  verify 
this  analysis.  Although  there  are  data  available  for  fragment  velocities 
from  cylindrical  confinement  vessels,  most  of  these  data  are  from  burst¬ 
ing  artillery  shells.  The  processes  involved  in  the  fragmentation  of  these 
shells  are  so  dynamic  that  the  shell  may  expand  up  to  twice  its  diameter 
before  cracks  are  formed  between  the  fragments.  Our  analysis  would  not 
be  applicable  to  this  kind  of  event.  Our  analysis  assumes  a  relatively  brit¬ 
tle  confinement  vessel  which  does  not  expand  significantly  prior  to  the  time 
that  cracks  ar -i  formed  between  the  fragments.  This  would  be  the  case  for 
confinement  vessels  which  are  slowly  pro. surized,  as  opposed  to  the  highly 
dynamic  situation  existing  when  a  high  explosive  is  detonated  internal  to  the 
confinement  vessel. 


Figure  4A-4.  Maximum  Fragment  Velocity  as  a  Function  of 
Number  of  Frauments  for  Equivalent  Volume 
Cylinders  and  Spheres 
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Analysis  for  a  Cylindrical  Shell  Fragmenting  Into  Strip  Fragments 
Variable  List: 

A  -  term  in  Equation  (4A-16) 

A^  -  fragment  area 

a  •  sound  speed  in  confined  gas,  t  =  0 
oo 

a^  -  critical  sound  speed  in  mast  flow  equation 
B  -  term  in  Equation  (4A-16) 

C  -  term  in  Equation  (4A-16) 

D  -  term  in  Equation  (4A-16) 

d  -  width  of  fragment  segment 

F  .  fragment  projected  area 

g  ♦  nondimensionalized  displacement  of  a  fragment 
h  -  segment  height  (see  Figure  4A-2) 
k  -  mass  flow  rate  coefficient 

L  -  cylinder  length 

M  -  mass  of  contained  gas  at  any  instant,  t 
Mf  -  fragment  mass 

-  cylindrical  shell  mass 
n  -  number  of  fragments 

P  -  crack  perimeter  about  a  fragment 
P  ,  -  nondimens  ional  i  red  pressure 

P  -  pressure  of  confined  gas  at  any  instant,  t 
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P  •  initial  pressure  of  confined  gas 
oo 

R  •  initial  cylinder  radius 

r  .  fragment  displacement  at  any  instant,  t 

s  -  segment  length 

Tq  •  temperature  of  confined  gas  at  any  instant,  t 

t.  -  shell  thickness 

n 

-  volume  of  confined  gas  at  any  instant,  r 

V  -  volume  of  shell  material 

s 

w  -  crack  width 

x  -  nondimensionalizing  constant  for  displacement 

a  -  nondimensional  constant 

|3  •  nondimensional  constant 

6  -  nondimensionalizing  constant  for  time 

0  -  angle  subtended  at  the  center  of  the  cylinder  by  a  fragment 

r  =  0 

k  *  ratio  of  specific  heats  for  confined  gas 

p  -  confined  gas  density  at  any  instant,  t 
o 

p^  -  critical  density  of  gas  in  mass  flow  equation 

p  -  density  of  shell  material 

8 

T  -  time 

e,  -  nondimensionalized  time 

Prime  denotes  derivatives  with  respect  to  %  . 


4A-9 


4A-10 


1 

I 


i . . 


.  v  , 


From  Reference  2,  Equation*  (4A-19),  (4A-20),  and  (4A-21), 
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h. 


|  K  /«  -  1 


g"  =  nP, 


1  - 
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<p*) 


,K  -  1  /k 


X  = 


M 

t  oo 
FP 

oo 


(rh) 


1/2 


(4A-15) 


e  = 


M  a 
t  oo 

FP 

oo 


(tV.) 


1/2 


From  differentiation  of  the  ideal  gat  equation, 


dPo(T)/dT 

P  (t) 

o 


p  (T)V  (t)  dr 
o  o 


dM  (t)  +  _ 1 


dT  (t) 
c 


T  (T)  dr 
o 


i 

». 

i 


O 


_1_  dv?) 

V  (t )  dT 
o 


(4A- 16) 


A  =  B  +  C  -  D 

Using  the  variable  changes  P  (r)  =  P  •  P^  (t )  t t  =  6 1  ,  term  A  becomes 

o  oo  ^ 


I  fill 1 

A  '  0  p*<6,) 


(4  A  - 17) 


and  using  these  variable  changes  with  the  ideal  gas  law,  term  C  becomes 


r  -  l  *  -  1  * 

0  *  Pd 


(4A-18) 


O 


The  confined  gas  mass  flow  rate  through  the  cracks  is  [from  Equation 
(4A-12),  Reference  2] 

=  ‘  kp*a*Pw  (4A-19) 
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-The  .total  crack  area  is 


Pw  =  Z  (Pw)[  =  n{Pw)t 


and  from  Equations  (4A-14)  and  (4A-19) 

But  from  the  cylindrical  geometry 


(4A-20) 


V  (t)  =  irr  (r)  *  L  (4A-21) 

o 

Thus,  from  Equations  (4A-16),  (4A-20)  and  (4A-21),  term  B  becomes 


B  = 


dM  (t) 


p  (t)V  (t)  dr 
o  o 


Po  (f )  •  w  r  (r )  •  L 


r 


|_*  kp*a*4"L  •  R  v  *  * 1 )  ! 


*  *  r  i  - _ i___  ‘j 

>(T)  Rr(T)  r2(T,  J 


(4A-22) 


From  standard  one-dimensional  flow  relationships 

1/k  -l 

(t)  {  -4-:  ] 

o 

.1/2 


p*  =  ^o(T)  \7Tl) 


a  =  a 
*  o 


<"  i-rn) 


Assuming  an  adiabatic  gas  expansion 

.  ,  0  1  /2  x 

a  (r)  =  a  P 
o  oo  * 

and  nondiniensionalizinn  displacement  and  time 
r  (t)  =  Xg(«)  t  =0$ 


(4A-23) 


(4A-24) 
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we  cjtairTfrom  Equations  (4A-22),  (4A-23)  and  (4A-24) 


B  =  -4k 
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Xflft)  .1  (4A-26) 
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From  Equation  (4A-16) 


D  = 


.  dV  (t) 

1  o 


V  (r)  dr 
o 


(4A-2") 


Differentiating  Equation  (4A-21)  gives 


dV  (t)  .  2,  .  ,  ,  ,  . 

=  J»r  (T)-  L  .  ,L.  Jr(T).  dill) 

d  t  at  a t 


(4A-28) 


Thus , 


D  = 


1  dVT)  _  _2_  iLill 


V  (r)  dr 
o 


r(  t)  dr 

Changing  the  variable  with  Equation  (4A-Z4),  term  D  becomes 

n _ i_  X  2 

D  ~  Xg(*,)  0  8  u  ■  9  g(l) 

From  Equations  (4 A -16),  (4A-17),  (4A-18),  (4A-26),  and  (4A-30). 


(4A-2  ri) 


(4A-30) 


4  ka  P 

oo 


K-  1  /2k 


k+1/2(k-1) 


0  P 


v2  2 

x  g 


(- 

\  R 


-  1  ; 


(continued) 
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K-1/2K  2  \K+,/2<K*‘) 

P'.  4ka  P  R(  ~) 


00  * 


0kP 


2  2 
X  g 


(f  *  -  0 


1  Si 

0  g 


(4A-32) 


Multiplying  through  Eq.  (4A-32)  by  0k  g 


1  *  2 


4  k  *0a  g  (  — — ;  ^ 
ao  8  \  k  +  l  / 


K  fl  / 2(k- 1 ) 


K-1/2K 


2  nk+1/2(k-1) 
94kKaooRym; 


K- 1 /2k 


X* 

From  Equation  (4A-15), 

0 

-  —  f-J-V1'2 

X 

“a  \  k  -  1  / 

oo 

0 

f2p2  /  ■»  \*2 

00  /  2  1 

M  a  ,  _  \ 

t  oo  ,  2  \ 

2 

.24  \  K  -  1  / 

F  P  \  K  -  1  / 

2  Kg  g'  (4A-33) 


1/2 


t  oo 
FP 


oo 


00 


M  a 
t  oo 


(r h) 


-3/2 


(4A-34) 


Assume  constants  o  and  p  such  that  Equation  (4A-33)  becomes 


p~g2  =  [-ffg  +  oM  P^*l/2K  -  2Kgg> 


(4A-35) 
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2te(.'fctV»^©rr  L 


.  v  .. 


.  I 


— . ,...  -  « 


o 


Then  from  Equation*  (4A-33),  (4A-34),  and  (4A-35), 

(zr>) 


a  =  4  r  k  a 


2  k  +  1  /2(k- 1 )  j  .  2  -1/2 


OO  ^  K  i  1 


2  K+1/2(K-1)  2 


V.  It  +  1  f 


,Th) 


OO 

.-1/2 


,  ,  .k+1  /2  (vt- 1 )  FP  \  -  3/2 

(5  =  4k«  R  M-  - f-2-  (-2-  ) 

OO  \  K  +  1  /  .  „  3  \  K  -  1  / 


M  a 

t  OO 


(4A-36) 


(4A-37) 


£ 


2  v  k+1  /2(k-  1)  2  ^*1/2 


4  k  k  ; 


\K 


i_Y 

+  1 J 


\7r i) 


9 


I 


M 


P  »  R  l 


FP 


oo 


K  -  1  / 


M  a 
t  oo 
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Differential  Equations  (4A-15)  and  (4A-35)  are  solved  simultaneously  by 
code  CYLIN  using  the  Runge>Kutta  integration  technique  for  initial  condi 
tion: 


g(0)  =  y  P^O)  *1.0  and  g'(0)  =  0 

Since  Mt  and  F  are  both  proportional  to  L,  M^/F  is  independent  of  the 
cylinder  length.  Thus,  length  L  drops  out  of  the  equations  for  p,  X,  and 
6  ;  i.e.  ,  the  cylinder  length  does  not  enter  into  the  solution  for  Equations 
(4A-15)  and  (4A-35). 

Computer  Codes  CYLIN  and  SPHER 

The  following  computer  codes  were  used  to  solve  the  simultaneous 
nonlinear  differential  equations  for  motion  of  fragments  emanating  from 
bursting  confinement  vessel#  of  cylindrical  and  spherical  configuration. 
These  codes  were  used  to  generate  the  data  for  the  method  of  deterministic 
fragment  initial  velocity  calculations  given  in  the  text  of  the  workbook. 
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PROGRAM  VARIABLE  DEFINITIONS  FOR  CODES 
SPHER  AND  CYL1N 


Program 

Units 

Variable 

Definition 

SI 

English 

CAP1 

Ratio  of  specific  heats  of  gas 

-- 

-- 

AO 

Sound  speed 

m/s 

io/sec 

PO 

Initial  pressure 

Pa 

psi 

RR 

Cylinder  radios 

m 

In. 

CL 

Cylinder  length 

m 

in. 

EL 

End  length 

m 

in. 

CT 

Cylinder  thickness 

m 

in. 

ET 

End  thickness 

m 

in. 

DEN 

Density 

kg/m3 

VO 

Volume 

3 

m 

.  3 
in 

TM 

Total  mass  of  confinement  vessel 

lbf 

FN 

Number  of  fragments  (always  two) 

-- 

-- 

FK 

Gas  discharge  coefficient 

-* 

•* 

nH 

Time  interval  of  iteration 

-- 

-- 

XMAX 

Maximum  time  of  iteration 

-* 

-- 

PERI 

Perimeter  (calculated) 

m 

in. 

FF 

Area  of  cross  section  to  which 
force  is  applied  (calculated) 

2 

m 

in2 

XX 

Characteristic  dimension  (calculated) 

m 

In. 

lbf  indicates  English  weight  measurement  of  pounds 
gravitation  is  assumed. 

of  force. 

Sea  level 

lA  -  1  fa 


r» 


O 


0 


Program 

Variable 

Definition 

Units 

§L 

English 

THETA 

Characteristic  time  (calculated) 

• 

• 

Al 

Dimensionless  mass  parameter 

•  • 

— 

B1 

Dimensionless  geometry  parameter 

•• 

•• 

NEND 

Branching  constant.  If  icro,  program 
stops.  If  >  1,  program  continues. 

•  • 

•• 

G1 

distance  to  initial  velocity 

m 

in. 

C2 

initial  fragment  velocity 

m  /• 

ft/sec 

C3 

initial  fragment  acceleration 

a  2 

ml* 

in/tec4 

G4 

final  explosive  product  mixture 
pressure 

P4 

pel 

T 1 

time  to  initial  velocity 

• 

s 

PI 

the  constant,  * 

none 

none 

CAP2 

the  quantity  (1  -  •«)/•» 

none 

none 

CAP3 

the  quantity  -  l  !* 

tone 

none 

CAP4 

the  quantity  (3k-1)/2* 

none 

none 

CO 

normalised  initial  fragment  dis¬ 
placement  from  center  of  sphere 

none 

oone 

X 

normalized  time 

none 

none 

Y(2) 

normalized  velocity 

none 

none 

Y{3) 

normalized  pressure 

none 

none 

Y(l) 

normalized  fragment  displacement 

none 

none 

NA 

number  of  differential  equations  to 
be  solved 

none 

none 

F(  l ),  F(2 ), 
F(3) 

dtffCrential  equations  solved 

TT 

normalized  time 

none 

oone 

PS 

normalized  pressure 

none 

oone 

ORIGINAL  PAGE  IS 
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PROCRAM  3PM£R  (INPyT,OUTPUT,TAPE  1  «OUTPUt • T APEl  «lNPyT) 

‘  F())*,Y(tt,lll(3),w*(3>,PS(IOO),TT(IOQ) 

no  FORMAT  (3E10.S)  _  ■  _ 

Hi  formatc*cio,h  " _ _ 

Hi  FORMAT  (IE10.3)  "  -  ~ _ 

315  FORMAT  (3/#IOH  CAS  CHARACTERISTICS,/#?*  KAPPA*, tlo;3i~ 

USH  SOUND  SPEED*, CIS, 5. >M  IN/SEC, /#10H  PRESSURE  , £  10, 3,  *H_  P3J, 
II/, c AH  VESSEL  CHARACTERISTICS, /,RM  RADIUS*, ElO, 3, 5M  IN*,, 

1IH  “ASS*,ElO,3,ihH  LBS, -SEC, SO, /In, /,1AM  NO,  OP  FRAGMENTS*#"”  _* 

IE  10, 3,1/)  .  _  J _ 2. _ 

HR  FORHAT  ()/,13H  FINAL  VALUES,/', bH  TlMCs,ElO,3,RH  SEC,/, 

HON  DISTANCE*, ElO, 3. INS,/,10H  V£ LOCITY* ,E  10, 3, >H  FT/3EC,V»__ 
U*N  ACCELERATION*, £10, 3, 10H  IN/SO-SEC,/, 10H  PRESSURE*, E 10 . 3, 

1TM  PSI) 

310  FORMAT  (5|H  CHARACTERISTICS  OF  MOTION  OF  FRAGMENTS  (NORhAcIZEO) 

1,1/, 10H  T»NORH,Rl, IH6, 10X,IHG  * ,  7X, 3H6t t  ,/)  _ 

111  FORMAT  (  /,IIM  PRESSURE  (NORMALIZED) ,/, IX, 7H  T.NOR**,bI,  _ 

IbHPaNORM,/} 

in  format  u*h  initial  conditions#/, ah  x(o)*,eio.*.?h  '  c(o)«,cio,%,' 
l«M  C  (0)*, cio.*,  ah  p«norh*,eio,»,i/>  _ 

501  FORMAT  </,«MTOO  MUCH) 

boo  FORMAT  III)  -  -  -  _  -  " 

3001  FORMAT  (CIO, 3)  ~  __  ~  2 _ 

500  JJ«0  . .  _ 

read  (1,310  capi,ao,po  . __ 

RCAO  (I, HI)  FN,RR,TM,FK  . . 

Rf AO  (1,3m  AH.XMAX 

REAO  (I,b00)  NEnO  '  *  “  "  * 

CO  TO  5M 

550  PO«PO/lO,  . * . .  .  1  *' 

AHH.OE-S  . *1_  "1 

551  CONTINUE  _ 

MRITE  ( 1 , 315)  CAPl,AO,PO,RR,TM,FN 

PI*  3,1* lS*!bS3S 

FF**,»PI »(RR»*I  )*((!, /FN)w(1,/FN**|))  “  ' 

XX«TM.(*0««l,n)«(l,0/(C»Pl*l))/(FF*POl 

THETA*TH« AO* ( (I.O/ICAP 1-1,0) )*»0,S)/(FF»PO) 

CAP|su,oo-<APl)/CAPl  _2 

CAP)*-1,0/CAP| 

CAP»*(3,0*CAPl-U,0))/(?,0»CAPl) 

A1*I,aFR*C'P1*((P,/(CAP1*1,))**((CAP1*1,)/(I, * (C API -1 ,) ) ) ) • 
l((l,fl/(CAPl«l,))»»*0,5) 

B1*((RR)**I)«(<I,/(CAP1-1,) )••-!)•( (FF*P0)»a|)/ 

1 ( (TH**|) *(AO**H ) ) 

CO*RR/VX  1“ 

**0,0 

Y (1 ) -CO 

Y(l)«0,0 

Y(3)*l,0 

YT*0,0 

YTT*0,0 

WRITE  (1,311)  X,V(1),Y(I),Y(3) 

NAI  J 

F(1)»Y(I) 

F(|)sFN«T(3)*( ( l,nO-(Y<|) **l,0)* (Y{ 3)*»CAP|))««CAP3) 
F(3)*((Y(1)a*«3)*(Y(3)*»C  API  )a(AiaBI-A)*(T(  1)  ••DJI- 
13, •CAPi*(Y(l)AY(3)/Y(l)) 
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JO  SaPXlOEO  <NA(Y,P,X,AM,0) 
t  )  -SO  /JlimU  ..  .. 

v*  F<2)»ru*Y(3)MU.00-<Yt2>*«*,O)»(Y<3)*«CAP*)>**CAP3) 

—  F  ( 3)»{ ( f < 1 )*«*3)* (Y(3)**CAPN)*<A1*B1«A1*( Y(  1)**2) )  )'• — 

i3.»c*pj«{t(?)»¥(3)/tan . -  - 

I r  <s-l,3  <*0,10,»0 - 

*0  CONTINUE  • 

F2Tt<F*-F<2) )/FJ - 

-  F?T«ABS<F2T)  ~  - 

IP  (F2T-.10)  300.  TOO.  701 
*700  AH«J,0«AH  . 

*701  CONTINUE - - - 

.  ~  **'  ~ 

-  IP(JJ-JOO)  S0Y,S03,'501  - 

jOT  continue 

ttcjj)«x  "  . . .  - 

~  PS<JJ)«T<3)  '  . 

YTT«<vm-YT)/T(«r  ‘ 

YT«Y<2)  "  ' 

lP(»TT-.00n  10, 1 0  #  N 1  * - 

*Yl  CONTINUE  . 

CO  TO  30  * 

10  CONTINUE  *  . . 

*'  Tl«THETA*X  - - 

Cl«XX*Y<n-«X*CO  ~  - 

**  Ce«XX/TMET*»(Y<2) )  . 

G2«G2/12,0  “  * 

"  Cl«<XX/<TH£TA)*«2;o)*P(2)  - - 

GMPO*  Y  (  3)  '  ■ 

■  NtITE  (1«31N)  Tl«Gl,G2,G3»GY - - 

ir  (Po-ioooo. )  sse.ssi.sso  *  -  *  - 

LJ  ss«  ip  <NEN0*n  soi,soo,soo  '  ~ 

S03  CONTINUE  •  *  •  - 

"RITE  (1»S02)  - - 

SOI  STOP  *  "  - 

end  . —  - 


i* 

k 

»; 

E- 
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PROGRAM  CYLIN  <  INPUT* OUTPUT »  TAPE  1  «OUTPUT , TAPE 9  *INPtlT) 

DIMENSION  F(i),Y(3),iil<3),i'2(3},P3(900),TT(90Q) 

110  FORMlT~(mO.T)~  _ 

119  FO«***T(*tlO,l)  _ 

31*  FORMAT  (9E10.U . . 

US  FORMAT  ( 3/.90M  CAS  CMARAeTCRISTICS.V.lH  KAPPA*,  ClO,~1» 

11SH  SOUND  3PEE0*,£l3,$,?M  lN/3EC./,10M  PRESSURE  ,E10.1,*H  P3I, 
19/.93N  VESSEL  CHARACTERISTICS,/ * 1H  RAOlU3*,ClO, 3,$M  INS.. 

'  1SH  MAS3«,E10,3,1PM  LB3,»3EC ,SQ./IN,/, 1IH  NO,  OF  FRAGMENTS*,  "" 

IEIO.1,3/)  -  - . 

US  FORMAT  (1/,13H  FINAL  VALUES,/, PH  T !*•£»,£  10, 3, SH  SEC,/, 

1 IpM  DISTANCE*, ElO,3,*M  INS,/, 10H  VFLOCIT t*,ElO, 1 , ?H  FT/SEC,/, 

-•  n»H  ACCELERATION*, tio, 3, 10H  IN/SO-3EC*/,10m  PRESSURE*, £10, 3, 
'■'ISM  PSt)  . . 

120  Format  (S9H  CHARACTERISTICS  OF  MOTION  of  fragments  (NORMALIZED) 

1,9/, 10H  T»NORM, **, 1hC,10X,9HG*,?x, 3NC » * ,  /  )  '  '  ' 

121  FORMAT  (  /,22M  PRESSURE  (NORMAL 1 2E0)  »_/, *X,  7N  _T»NORN,H, _  _ 

■  1NMR»N0RM,/)  ~~ 

122  format  (ism  initial  conoitiong,/,ph  *(o)*,eio,'*,7m_C(o)*,^io,s_,_ 

ISM  Gt(0)«,£lO,»,SM  P.NORM»,tlO,S,2/>  _  '  ~  -- 

12*  FORMAT  (/, 19M  CTL  LENGTH*, £10, 3) _ 2 _ _ "I 

$02  FORMAT  (/.RmTOO  MUCH)  _  "* _ " 

POO  FORMAT  (12)  _ _ I _ 

1001  FORMAT  (E10,3)~_ _ 

$00  JJ«0  '  _ _ _ ” 

REAO  (2,1101  CAP1,A0,P0  “  ; _ _ _ 

*  REAO  (9,119)  FN,RR,TM,FR  _  “  _ _ _ 

R£A0(9,1001)  6NL  _  111’  ~1_H_  _  ' 

'  RE*0  (2,11*)  AM, XMA1  ~  _ 

REAO  (2, POO)  NEMO  ~  “  "  ”  '1  „  1 

GO  TO  Ml  *  .  . '  _ 

$S0  P0*P0/10,  .  __  _ 

AM*1,0E»S  1  "  _ _ _  ~ 

$S1  CONTINUE  '  ” 

•RITE  (1,120  CNL  •  . - 

'  nrite  (i,us)  c*pi,ao,po,rr*tm,fn .  ~  "  - 

PI*  3 . 1* l$*2PS  3$ 

FF*2, ,GNt *RR* ( (l,«((C0S(9,»PI/FN))*«2  ))«*0,$) 

***Tm*(AO**9,0)*(9.0/(CAP1-1))/(FF«PO) 

TMETA*TM«AO»((2,0/(CAPl-l,0))**0,S)/(FF«PO) 

CA*»2«a,00-CAPl)/CAPl 
CAP3*«1 ,0/C AP9 

CAF**(i,n#CAPl»(l,0))/(2,0*CAPl) 

A1*S,00»FK«CAP1«((9.0/(CAP1*1.0))**((CAP1*1,0)/(9,0«(CAP1-1,0)))) 

l*((2,0/(CAPl»l,))*»«0,S) 

§1*RR» ( (2 ,/ (CAP !•!,)) •••!,)• (FF*PO) /(TM* ( A0*«2, ) ) 

CO*RR/FX 

1*0,0 

rd)«co  __ 

»(9)«0,0 
T(3)*l,0 
TT*0 , 0 
TTl *0 , 0 

NRITE  (1.329)  X,T(l),T(2),r(3) 

NA*1 

F(l)»V(2) 

F(2)aFN«Y(3)*((l,00-(T(2)«*2  ) • ( V( 3)*«C AP2) )««C API) 
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i.' 


dr 


U*N*»*t CYC?) •* (3) /*<!)) 

r  j**r  <»j 

JO  S*PKlOEQ  (N4.Y.F.X.AK.0) _ 

so  f<n»Y<*>  ... _ 

r{*)«pN»T( j)«(n,oo»(Y<e)«*2  )*(y(J)««c*p»))**capjj  _  _ 

TC#*'2i2I»C*PlMY(2>*YtJ)/YCl)) 

n !)»((»( n*»*i  )*(t(j)»*c»p,*>*(*i*8i-»i«(YU))))«T€«M< 

IF  (5-1.)  10.30,»0  _ _ _ _ 

YO  CONTINUE  _ _ _ _ 

F?T«(F2«F <2))/F2  _  __  _ 

F2T*40$(F  ?T)  "  _  _ 

IF  (F2T»,10)  >QP*7no, 701  __  _ _ _ _ 

700  *HSt  ,S«*H  ,  _ _ _ _ 

701  CONTINUE  *■'  _ _  _ _ _ 

.  _ 

IF  ( J J«20Q )  SOY.SQJ.SOJ  _  _  _  _ _ 

S0«  CONTINUE  __  _  _ _ _ _ _ 

TT(JJ)«K  .  _ , _ 

PS(JJ)*Y(3)  _  _ _  _ 

"  YTT*(Y(2)-yT)/Y<2)  _  _  _  _ 

YT*r (?)  _  _  _ _ _ 

~  IF(YTT-.OOl)  10.10.11  _  _  _ 

H  CONTINUE  _  .  _ _ _ 

GO  TO  JO  .  _  _ _ _ _ _ 

10  CONTINUE  _ _ _ _  _ _ _ _ 

T  ieT*£T»«*  _  _ ..  .  .. 

G1*XX»Y(1)-XX«C0  _  __  _ _  _ 

C?*XX7ThET**(Y(?)1  _  _ _ _ ...  ...  . 

Oicm/ii.o  _  _ _ _ _ _ 

G3*fYI/(T«rT*)*«?t0)»Fl2|  _  _  _ 

0«*P0*Y())  _.  _ _  _  . . 

NPITf  (1.111)  T1«G1.G?.03|G1  .  _  .  _ 

IF  (PO«1POOO,)  SS2.SSJ.5S0  _ 

SS2  IF  (NCND-l)  SOl.SOO.SOO  _  _ 

SOJ  CONTINUE  _  _  ... _ .... 

«0IU  (1.502)  _  . 

SOI  STOP  .  .. 

ENO 


V 


2JAE  PAGS  S 


h 

v 

► 


k 

ft 

c. 
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FUNCTION  RXL0£0<N, V,F ,X,h,NT) 

C  OE  UC50  BKUOCO  RUNCE«AUn»»GILL*\lNE»R  DIFFERENTIAL  EQUATION  SOLVER 
C  OJ  UCSO  RALOCO  _ 

C  ~  “OOIFIEO  MAv  INfcl  <0  REMOVED  FROM  CALLING  SEQUENCE)  ' _ “ 

C  *  TEST  OF  ALGOL  ALGORITHM  _ _ .111 _ 

DIMENSION  T(10) «F (10) «0( 10) 

C  ~  '  REAL  *,H»«|NTECE«  N,NT— COMMENT*«eEGIN  ‘  INTEGER  '  I  ,'J, L»RE  AL  '  A 

NT>NT*t  . .  *"  _  _ ' 

„  __  GO  TO  (liii)i»).tir_' _ 1~'  '  '* _ 

c‘_  GO  TO  S (NT) _ _  ‘~ZT _ _ _ _ 

l  '00  »l  J*1,N _ _  ~ _ _ _ 

a  0(j)*o,  __  _  _ _ "  _ _ 

_ **.5 .  . _ ~  _ 

X«X*H/t,  _  _ _ _ _ 

go  n  s  '  _ “H  ~  _* _  _ 

*  '  _ _ _ _ 

GO  VC  *  _ _ ' _ 

‘T  A«l,»0»10fc»iu  _ _ 

_  IlHH/J,  _ •_  _ _ _ 

Co  TO  i  _  'H _ 1 _ _ 1 _ 

-*  '*  00  *1  !■)#•»  -  -  -  -  -•  _  “  _ _ _ 

~%c  T(i)RT(i)4M*F<n/s*o<n/s,  _ ** _ i.i _ ; _ _ 

_NT*0  _ _  _ 1 _ _ _ _ _ 

»RLOEO*a,  _ _  “  _ _ 

CO  TO  fc  ■  _  _  _1 _ _ 

s  oo  srin.N  .  _ _ * _ _ 

V(L)RV(L)*A*{h*F(L)*0(L))  _ 

"SI  ■  0(U«*.*A.M.f(L)*a,-3,.A).0(L>  _  _  _ _ 

R«LO£Q«lt  _ _  _  _  _ 

'fc  CONTINUE  ’  “  '  '  _ _ _ 

RETURN  1 

cmo  *  '  . . .  i .  . ;*  ■  . . _ 


r«n 


RRLD'-. 

RRLC: 

BRIO. 


ftKLOn 

RKLO'j 

BKLOll 

BRIO*. 

RRLOC 

RKLO'. 

R*LOr 

BALD-. 

OALOu 

rKLOc 

ralO% 

BRLO'i 

BALD. 

BALD 

»KlO\ 

RALO- 

BALD  . 

RALO-. 

o*lO  i 

HALO- 

RKLO<. 
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APPENDIX  IV.  B 

COMPARISON  OF  EXPERIMENTAL  RESULTS 
WITH  CODE  PREDICTIONS 


Some  experimental  data  for  initial  fragment  velocities  from  burst¬ 
ing  containment  vessels  are  available  to  check  the  predictions  of  fragment 
velocities  from  code  SPHER,  For  example.  D.  W.  Boyer,  et  al.  (Refer¬ 
ence  1)  have  measured  fragment  velocities  from  bursting  glass  spheres  of 
various  dimensions  where  the  contained  gas  was  air  or  helium  (HE).  The 
text  of  the  workbook,  "Example  1  for  Spheres,  "  shows  how  the  initial  frag¬ 
ment  velocity  for  one  of  these  cases  could  be  obtained  from  the  tables. 

Table  4B-1  lists  the  data  from  the  Boyer  report  and  compares  it  with  values 
obtained  from  Tables  4-1  through  4-8  of  the  workbook  text,  using  the  meth¬ 
od  demonstrated  in  the  examples  shown  in  the  text.  The  data  are  also  com¬ 
pared  to  values  obtained  by  runs  of  code  SPHER  for  the  specific  burst  pres¬ 
sure  and  sphere  geometries  used  in  the  experimental  runs. 

Results  are  within  about  10%  of  one  another  for  any  of  the  methods 

used. 


Table  4B-2  lists  data  for  fragments  from  bursting  titanium  alloy 
spheres  pumped  up  with  nitrogen.  The  experimental  data  are  from  a  re¬ 
port  by  Pittman  (Reference  2).  Pittman  measured  the  velocities  of  frag¬ 
ments  emanating  from  the  spheres  with  breakwire  and  strobe  photographic 
techniques.  Code  SPHER  and  the  tables  predict  the  velocities  from  the 
small  diameter  sphere  within  10%.  Velocities  predicted  for  the  larger 
diameter  spheres  are  low  by  15%  where  breakwire  techniques  were  used 
to  measure  the  fragment  velocities.  They  agree  well  with  the  measured 
data  where  strobe  photography  was  used  to  measure  the  fragment  velocities. 
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TABLE  4h-l.  INITIAL  l  UAGMKNT  VEUXIITII-  .  V. 

FROM'  flfjft‘ST!tfC"Cl.'A,s:?'*ii  *1 1  Lit  I  :.s  1 

(p  -  2.  6  cm  ^) 


Sphere  Characteristics 

Pres  suritlng  Caa 

Initial 

Fracmcnt  Velocities  1 

Radius 

cm 

Wall 

Thickness 

cm 

Type 

Pressure 

Pa 

Vl(Boycr)<' 

m/s 

V.  (Code) 

m/s 

V  (Tables) 

m /* 

1.27 

0.  100 

Air 

2. 25  x  106 

51.8 

51.5 

57.  6 

2.  54 

0.  100 

H 

II  M 

75.6 

80.  2 

84  4 

6.  35 

0.  1\  . 

II 

1. 18  x  tO6 

69.8 

78.  0 

■>i.  *, 

I.  27 

0.  100 

He 

2. 25  x 106 

44.  2 

38.4 

43.6 

2.54 

0.  100 

f  1 

II  II 

79.4 

61.  6 

64.  0 

Vj  vitae*  were  obtained  from  Reference  l  by  averaging  measured  value*  for 
limilar  ca*c*  from  Table  1  of  Reference  1  for  the  1.  27  and  2.  54  cm  radius 
spheres  and  by  measurement*  from  Figure  13  of  Reference  1  for  the  6.  35  cm 
radius  sphere. 


TABLE  4B-2.  INITIAL  FRAGMENT  VELOCITIES,  V  , 
FROM  BURSTING  TITANIUM  ALLOY  SPHERES  * 

(p  =4.46  cm ^) 


Sphere  Characteristics 

Pressuririnc  Gas 

Initial  Fra 

inter;  Velocities  ! 

Radius 

Wall 

Thickness 

Pressure 

Vi  (Pittman)* 

V.  (Code) 

V .  (Tables) 

1  cm 

cm 

Type 

N 

Pa 

rrt  /s 

m  /s 

m  ft 

11.  7 

0.274 

5. 51  x  107 

366+15 

352 

338 

34.  3 

0.  919 

II 

•  1  II 

342  +  30l 

339 

322 

34,  3 

0.919 

II 

II  II 

426  +  272 

339 

322 

34.  3 

0.  919 

It 

II  II 

44$  +  302 

33Q 

322 

Value*  taken  from  Reference  2. 

^Thi*  value  was  based  on  velocity  measurrments  usinc  a  strobe  photocr.i|iluc 
technique. 

^Thcse  values  wern  based  on  velocity  measurements  usinc  breakwirc  m«  asurenrnt 
tec  hnique  * . 
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APPENDIX  IV.  C  , 

ESTIMATE  OF  INITIAL  VELOCITIES  OF  FRAGMENTS  FROM 
SPHERES  AND  CYLINDERS  BURSTING  INTO  TWO  EQUAL  HALVES 

The  method  developed  by  Taylor  and  Price^  for  calculating  ve¬ 
locities  of  fragments  from  bursting  spherical  gas  reservoirs  was  modi¬ 
fied  to  provide  velocity  calculations  for  fragments  from  both  cylindrical 
and  spherical  gas  vessels.  These  modifications  were  primarily  geo¬ 
metrical  in  nature  and  will  be  discussed  in  more  detail  in  subsequent 
pages.  To  compute  the  velocity  of  fragments  from  bursting  spheres  or 
cylinders  which  contain  gas  under  pressure,  the  following  assumptions 
were  made: 

(1)  The  vessel  with  gas  under  pressure  breaks  into  two  equal 
halves  along  a  plane  perpendicular  to  the  cylindrical  axis, 
and  the  two  container  fragments  are  driven  in  opposite 
directions. 

(2)  Gas  within  the  vessel  obeys  ideal  gas  laws, 

(3)  Originally  contained  gas  escapes  from  the  vessel  through 
the  opening  between  the  fragments  into  a  surrounding 
vacuum.  The  escaping  gas  travels  perpendicular  to  the 
direction  of  motion  of  the  fragments  with  local  sonic  ve¬ 
locity. 

(4)  Energy  necessary  to  break  the  vessel  walls  is  negligible 
compared  to  the  total  energy  of  the  system. 

(5)  Drag  and  lift  forces  are  ignored  since  the  distance  the 
fragment  travels  before  it  attains  its  maximum  velocity 
and  the  time  it  takes  to  attain  its  maximum  velocity  are 
too  short  for  drag  and  lift  forces  to  have  a  significant 
effect. 

A  schematic  depicting  the  essential  characteristics  of  the  Taylor 
and  Price  solution  for  bursting  spheres  is  shown  in  Figure  4C-1.  Before 
accelerating  into  an  exterior  vacuum,  the  sphere  has  internal  volume 
VQO  and  contains  a  perfect  gas  of  adiabatic  exponent  (ratio  of  specific 
heats)  K  and  gas  constant  R  with  initial  pressure  PQO  and  temperature 
TQO  (Figure  4C-  la).  At  a  time  r  =  0,  rupture  occurs  along  a  peri¬ 
meter  ",  and  the  two  fragments  are  propelled  in  opposite  directions  cue 
to  forces  applied  against  the  area  F  which  is  perpendicular  to  the  axis 
of  motion  of  the  fragments  (Figure  4C-lb),  The  mass  of  the  two  frag- 
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Fig 


ure  4C  -  1 . 


Parameters  (or  Sphere  Bursting 
into  Two  Halves 
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ments,  and  ,  is  considered  large  relative  to  the  mass  of  the  re¬ 
maining  gas  at  elevated  pressure  (Figure  4C-lc). 

As  mentioned  earlier,  the  Taylor  and  Price  solution  for  calcu¬ 
lating  velocities  of  halves  of  bursting  spheres  was  modified  to  predict 
velocities  of  halves  of  bursting  cylinders.  Figure  4C-2  contains  the 
geometric  parameters  associated  with  cylindrical  vessels.  The  gener¬ 
alized  fragment  velocity  solution  and  subsequent  computer  program 
allow  for  computation  of  the  velocity  of  half  of  the  cylinder.  The  vessel 
is  assumed  to  break  into  two  equal  halves  along  a  plane  perpendicular  to 
its  cylindrical  axis.  The  cylinder  can  have  spherical  segment  end  caps 
or  can  have  flat  faces.  The  vessel  has  cylindrical  radius  r,  cylindrical 
thickness  C(  ,  end  cap  thickness  E^  ,  cylindrical  length  C £  .  and  end  cap 
length  Ej  beyond  the  cylindrical  portion.  When  =  =0  and  Ej  -  r, 

the  containment  vessel  becomes  a  SDhere,  and  the  solution  corresponds 
to  that  formulated  by  Taylor  and  Price.  That  is,  a  cylinder  with  hemi¬ 
spherical  end  caps  with  length-to-diameter  (L/D)  ratio  of  I.  0  is  a  sphere. 

The  Taylor  and  PriccOl  solution,  generalized  to  allow  for  cylin¬ 
drical  as  weii  as  spherical  vessels,  follows.  The  equations  of  motion  and 
initial  conditions  of  the  two  fragments  are 


dx  (0) 

FPj  (0,  with  Xj(0)  =  0,  =  0  (4C-1) 


d  x,  dx  (0) 

—p  =  FP2(t)>  with  x2<0)  *  °*  "  77  '  =  0  (4C-2) 

dT 

where  subscripts  refer  to  each  fragment  and  Xj  and  x ^  arc  displace¬ 
ment  distances  and  are  taken  along  the  axis  of  motion.  To  allow  for 
cylindrical  containment  vessels,  the  cross  sectional  area  F  over  which 
the  force  is  applied  becomes 


F  =  n  (r  -  Ct)2  (4C-3) 

The  equation  of  state  for  the  unaccelerated  gas  remaining  within  the  con¬ 
finement  of  the  container  fragments  is 


P(t)  V  <T)  =  C(t)RT(t> 

o  o  o 


(4C-4) 
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I 


I 
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Figure  4C-2.  Geometry  of  Cylindrical  Vessels 


where  subscript  0  denotes  reservoir  conditions  immediately  after  failure, 
R  is  the  gas  constant,  P  is  pressure,  V  is  volume.  T  is  temperature 
and  C(t)  is  the  mass  of  gas  confined  at  high  pressure  as  a  function  of 
time.  The  rate  of  change  of  the  confined  mass  is 


dCid 

d  t 


-kHx^ 


HC-5) 


where 


x  =  x  +  x  (4C-6) 

1  ^ 

and  k  is  the  coefficient,  of  discharge  of  the  area  between  the  fragments 
and  c  is  the  gas  density  at  critical  gas  velocity  a#  .  The  expression 
for  perimeter  !]  is  the  same  as  for  spheres, 


II  -  l'\  r 

Gas  density  •  and  a.,.  arc  standard  expressions 


(4C-7) 


(4C-8) 


where  K  is  the  adiabatic  exponent  (ratio  of  specific  heats)  for  an  ideal 
gas.  The  volume  is  assumed  to  be  variable  and  can  be  described  by 


o*  = 


P  (t)  i  _ l__ 

°  V  K  +  1 


l/(k-l) 


a  (t) 
0 


\  K  +  1 


1/2 


V  (T)  =  V  +  FX  (4C-9) 

o  oo 

Nearly  ail  of  the  gas  is  assumed  to  be  accelerated  with  the  fragments, 
with  gas  immediately  adjacent  to  ‘he  fragments  being  accelerated  to  the 
velocity  of  the  fragments.  From  simple-one-dimensional  flow  relation¬ 
ships. 


K/(K-1) 


P,(t) 

=  PM 

o 

I1* 

\ 

v 

'  K-i  :•  idxi(T) 

•  c 

2  t  ao(r)]2  ’  dT 

(4C-10) 

\ 

7  ; 

K  / (K- 1 ) 

P,(t) 

=  P  (t) 

1  - 

,  k  .  i  : 

«■ 

L 

o 

2Cao(r)]2  dT 

To  generalize  the  solution, 

one  can  use  the  following  nondimensional 

forma  of  the  variables 

Dimension: 

x(t)  = 

Xg( 

r)  x^t)  =  Xgj  (?). 

*2 

=  x«2(?) 

Time: 

T  =  0 

1 

(4C-11) 

Pressure:  P  (t)  =  P  P*  (?) 

o  oo  w 

From  appropriate  solutions  and  initial  conditions: 
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dx^T) 

dr 


r*2(t) 

dr 


d2x.{r) 


dr 


d2^2(T) 


dT 


X 

2  8  2 
6 


dP  (T) 
o 

dt 


P 

_2£ 

0 


(4012) 


Xj(0)  =  x2(0)  = 


dXl(0) 

dt 


dx2(0) 

dt 


g  (0)  =  g,(0)=  8/(0)=  g  '(0)=  0 

O  2  1  2 


i 

I 


1 


P*<°)  *  1 


where  primes  denote  differentiation  with  respect  to  r.  The  pair  of 
characteristic  values  for  dimension  X  and  time  6  chosen  by  Taylor  and 
Price  are: 


X 


M  a 
t 


2 

oo 


F  P 


oo 


M  a 

9  =  t  oo 

F  P 

oo 


K  - 


1/2 


(40  13) 


The  final  derived  equations  contain  two  dimensionless  groups  which  de¬ 
fine  the  nature  of  the  solutions,  these  are 


T 


P 


P  V 
oo  oo 

M  a2 
t  oo 


k 


K  +  1 


K  j  1 
2(K  -  1) 


1/2 

) 


(4C-  14) 
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Differences  between  the  Taylor  and  Price  solution  for  spheres  and  our 
solution  for  cylinders,  with  spherical  caps  being  a  special  case  of 
cylinders,  occur  in  the  determination  of  area  F  given  by  Fquati6h~f4C-37  " 
and  perimeter  n  given  in  Equation  (4C-?)  where  r  is  cylindrical  radius 
(except  for  the  special  case  of  a  sphere  where  r  is  spherical  radius) 
instead  of  spherical  radius.  A  difference  also  exists  in  the  calculation  of 
initial  volume  of  the  gas  which,  for  the  cylindrical  case  with  spherical 
segment  endcaps  with  one  base,  becomes 


V 

oo 


n  '  (r  -  Ct)2  Ct  +  (Ei  -  Et)  (r  -  E^2  +  1/3  (E/  -  E^2  I 


HC-15) 


for  the  adiabatic  case, 


p  (’)  :  e  (T)  ' 

-g _  -  _2 _ 

P  '  !  o 

oo  *  oo 


T  (t) 
—2 - 


oo 


2K 
K  -  1 


(4C-lt>) 


Substitution  of  Equations  (4C-10),  (4C-12)  through  (4C*  14),  and  (4C- 16) 
into  Equations  (4C-1)  and  (4C-2)  gives 


(P 


K 

K  -  1 


K 

K  -  1 


(4C-17) 


Differentiation  of  Equation  (4C-4)  and  substitution  of  Equations  (4C-5) 
through  (4G-9)  and  (4C-  11)  and  (4C- 12)  yields 


K  -  1 

P* '  £K  2K 

—  *-JL“g(P*)  -Kg'  (4C-18) 
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Since  fragment  masses  are  equal  (KT  =  M2  -  Mt/2),  the  equations  for 
the  motion  of  the  two  fragments  become  identical,  with  identical  initial 
conditions  and  identical  solutions  so  that  gj  =  g2  -  g/2.  Equations  in 
Equation  (4C-17)  then  reduce  to 


K 


.,2 


K  *  l 


=  4P. 


1  - 


4  (P  )  iS_i_L 

v  K 


Rearranging  terms  in  Equation  (4C-18)  produces 


mS3L 


3K  -  1 

2K 


'  Kg'  Pa 


P  ' 
* 


K  -  t 


2  )  n  +  g 


L 


(4C-19) 


(4C-20) 


For  initial  conditions,  g(0)  =  0,  g  '(0)  =  0,  and  P*(0)  =  1,  nondimensional 
values  of  distance,  velocity,  acceleration  and  pressure  as  a  function  of 
time  can  be  calculated  by  solving  Equations  (4019)  and  (40  20) 
simultaneously  using  Range  Kutta  method  of  numerical  iteration.  Dimen¬ 
sional  values  can  then  be  calculated  from 


x  =  0 : . 


Xe  (<■)  ...  X 

L1(T)  =  '  X1  (t)  =  2?  g  <*>• 


V(t)  =  2  «'«•  P0<T>  =  Poo13^') 

2s 


(4021) 


The  computer  program  entirled/Frag  2/  was  written  in  Fortran 
IV  and  exercised  on  a  teletype  tymshare  terminal.  The  computer  pro¬ 
gram  is  user-oriented  and  accepts  either  SI  or  English  units  and  outputs 
either  SI  or  English  units.  Rigorous  English  measure  input  is  not  used 
for  length  and  mass  measurements.  Instead,  inches  are  used  instead  of 
feet  for  length  measurements  and  pounds-force  (weight  measure)  arc  used 
instead  of  slugs  for  mass  measurements  in  both  input  and  output  stages 
of  the  program  since  these  units  are  commonly  used  in  these  types  of 
measurements.  The  ratio  of  specific  heats  (K),  speed  of  sound  (a00), 
initial  pressure  (pO0).  external  radius  of  the  cylinder  of  sphere,  and  the 
discharge  coefficient,  chosen  as  1.  0  in  all  cases  examined,  are  input 
parameters.  The  user  has  a  choice  of  inputting  cylinder  length,  end 
length,  cylinder  thickness,  end  thickness,  and  wall  density;  or  volume, 
mass  of  the  reservoir  and  cylinder  thickness  (see  Figure  4C-2).  The 
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program  also  requires  that  a  step  size  and  limit  bo  added  to  allow  for  the 
1  ^  iteration  process  to  begin  and  end.  Nondimonsional  times  are  inputted 

for  this  purpose.  The  user  ha?  a  choice  of  displaying  nondimensional- --  —  - - 

distance,  velocity,  acceleration  and  pressure  as  a  function  of  nondinien- 
sional  Lime  and/or  displaying  dimensional  distance,  velocity,  accelera¬ 
tion  and  pressure  as  a  function  of  dimensional  time.  In  all  cases,  final 
dimensional  times,  distance,  velocity,  acceleration  and  pressure  are 
printed. 

j.  An  explanation  of  the  Runge-Kutta  subroutine  is  contained  in  Table 

,  4C-1.  This  is  a  standard  computer  library  function  which  has  nine 

;  arguments.  After  the  Runge*Kutta  subroutine  explanation,  one  can  find 

a  list  of  the  program  variables,  a  listing  of  the  program,  and  sample 
input  and  output  in  Table  4C-2. 


TABLE  4G-  1.  RUNGE-KUTTA  COMPUTER  LIBRARY  FUNCTION 
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FILE  NAME: 

SUBROUTINE 

NAME: 

PURPOSE: 


F 16 
RUNGE 


This  subroutine  employs  the  Fourth  Older  Runge- 
Kutta  Method  to  solve  N  simultaneous  first-order 
ordinary  differential  equations  by  calculating 
successive  values  of  Y  according  to  the  formula: 


Y. 


i  *  1=  Yi  +  6<Kl  +  2K2+2IVK4) 


where  K, 


K. 


f(Xi'  Yi> 


hK, 


K,  = 


f(x.  +  y.  l  -71) 
ill  2 


h  hK? 

£(Xi  +  2’  yi  +~) 


=  f(x.  +  h,  y^  +  hK3) 
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TABLE  4C -  i.  (corn'd) 


M  ET !  lOD: 


The  subroutine  is  culled  by  the  calling  program  five 
times  in  order  to  approximate  successive  Y(I)'s;  the 
first  time  to  initialize,  the  second  time  to  calculate 
Ki(l),  the  third  time  to  calcualtc  K2(l),  the  fourth 
time  to  calculate  Kj(I)  and  the  fifth  time  to  calculate 
K^(I).  In  addition,  each  time  r.he  subroutine  is 
colled,  it  calculates  a  new  Y(I)  and  a  new  X (1 )  which 
arc  returned  to  the  calling  program  where  the  func¬ 
tions  (first-order  differential  equations)  are  evaluated 
with  the  new  X(l)  and  Y (I ) .  These  values  ul  the 
function  are  then  returned  to  the  subroutine  where 
they  are  used  as  Kj(l),  Kjfl),  K 3 (1 ) ,  or  K^II)  anil 
approximately  accumulated  to  obtain  Y(  f  j  (I )  in 
the  *>  calls  to  the  subroutine. 


ARGUMENTS: 


The  subrouti;  to  RUNOE  uses  nine  arguements;  N,  Y, 
F.  X.  H.  M.  SAVEY,  PHI.  K. 


The  first  argument.  N.  represents  the  number 
of  simultaneous  first-order  ordinary  differential 
equations  to  be  solved. 

The  second  argument.  Y,  is  the  array  name 
which  the  calling  program  uses  to  transmit  the 
initial  Y(l)  values  for  each  differential  equa¬ 
tion.  Upon  completion  of  the  5  calls  to  RUNG E, 
Y(I)  will  contain  the  new  approximated  values 
for  the  Yj  +  j(I)'s. 

The  third  argument,  F,  is  the  array  which 
contains  the  current  values  of  the  differential 
equations  calculated  by  the  main  program,  j.  c.  , 
F(J)  contains  the  value  of  the  Jth  first-order 
differential  equation. 

The  fourth  argument,  X,  represents  the  in¬ 
dependent  variable  which  should  b«  initiali 7.od 
in  the  main  program  before  calling  RUNG!:. 
RUNGE  increments  X  by  Ihc  stopsi/.e  II. 


The  fifth  argument.  H,  represents  the  step 
size  for  X. 
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TABLE  4C- 1  (concl'd) 


LIMITATIONS 

AND 

COMMENTS: 


6.  The  sixth  argument,  M,  indicates  which  of  the 
five  passes  of  the  subroutine  is  to  bo  executed. 
The  maiii  program  must  initialize  this  argu¬ 
ment  as  1.  RUNGE  then  successively  incre¬ 
ments  the  variable  by  l‘up  to  5. 

7.  The  seventh  argument,  SAVEY,  is  used  within 
RUNGE  and  must  be  dimensioned  in  the  calling 
program  to  t>e  of  size  N. 

8.  The  eighth  argument,  PHI,  is  also  used  inter¬ 
nally  by  RUNGE,  but  must  be  dimensioned  in 
the  calling  program  to  be  of  size  N. 

9.  The  ninth  argument,  K,  is  manipulated  within 
RUNGE.  K  should  be  tested  right  after  the 
call  to  RUNGE,  in  the  calling  program. 

When  K  =  1,  control  should  transfer  to  a  set  of 
code  in  the  calling  program  which  calculates 
new  values  for  the  first-order  differential 
equations,  F(I),  with  the  current  values  of  X 
and  Y(I).  Then  RUNGE  should  be  called  again. 

When  K  =  2,  the  approximation  for  Y (1)  is  com¬ 
pleted.  Values  for  the  Yj  +  j{I)'s  are  stored  in 
Y(I)  at  this  time,  and  normal  flow  of  the  calling 
program  should  resume. 

1.  The  calling  program  must  dimension  SAVEY 
and  PHI. 

2.  The  calling  program  must  set  M  =  1  before 
calling  RUNGE. 

3.  The  calling  program  must  set  up  the  N  first- 
order  differential  equation  values  in  an  array 
F  to  be  passed  through  to  RUNGE  when  the 
subroutine  returns  with  K  =  1. 

4.  The  calling  program  must  set  up  separate  arrays 
if  all  X  and  Y  values  for  the  set  of  differential 
equations  are  to  be  saved,  perhaps  for  plotting 
purposes. 
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TABLE  4C*2.  COMPUTER  PROGRAM  ENTITLED/FRAG/ 

IN  FORTRAN  IV 


Function:  This  program  computes  the  velocity  of  a  fragment  from  a 
bursting  sphere  or  cylinder,  with  or  without  spherical  segment  end  caps 
with  one  base,  which  contains  gas  under  pressure.  It  is  assumed  that 
the  vessel  breaks  into  two  equal  halves  along  a  plane  perpendicular  to 
the  cylindrical  axis.  Distance,  acceleration  and  residual  pressure  as  a 
function  of  time  are  also  computed. 

Input-Output  Considerations;  The  program  accepts  input  in  either  SI  or 
Englisr.  units  and  can  print  output  in  SI  or  English  units  making  any  con¬ 
versions  needed  internally.  The  program  considers  SI  units  of  mass  in 
kilograms,  length  in  meters  and  time  in  seconds.  The  program  con¬ 
siders  English  units  of  mass  in  pounds  of  force  (weight  measure  used  for 
convenience),  length  in  inches  and  time  in  seconds.  Input  data  are: 

(A)  Gas  characteristics; 

(CAP1)  Adiabatic  exp>nent  (ratio  of  specific  heats)  for  gas 
in  the  containment  vessel. 

(AO)  Speed  of  sound  in  gas  of  vessel. 

(PO)  Initial  pressure  of  gas  in  vessel. 

(B)  Vessel  characteristics: 

(RR)  Cylinder  radius 
choice  of 

(ZN)  =  1:  (A)  Cylinder  length 

(B)  Length  of  end  cap 

(C)  Cylinder  thickness 

(D)  Thickness  of  end  cap 

(E)  Wall  density 
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TABLE  4C-2.  (cont'd) 


(ZN)  =  2:  (A)  Volume  of  containment  vessel 

(B)  Mass  of  reservoir 

(C)  Cylinder  thickness 

(C)  Dynamic  variables: 

(FN)  Number  of  fragments  (always  2.  ) 

(FK)  Discharge  coefficient  (chosen  to  be  t.  ) 

(AH)  Nondimensional  time  increment  for  calculations 
(XMAX)  Maximum  r  ndimensional  time  calculation. 

(D)  Input  /Output  format: 

(ZN2)  Input  units 

1.  =  SI 

2.  =  English 

(ZN3)  Output  units 

1.  =  SI 

2.  -  English 

(FN1)  Display  nondimensional  dynamic  variance 

1.  =  Yes 

2.  =  No 

(FN2)  Display  dimensional  dynamic  variance 

1.  =-  Yes 

2.  =  No 

(FN3)  Make  range  calculation  always 

2.  (NO) 

Variables:  The  definition  and  units  of  variables  in  this  program  follow. 
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TABLE  4C-2.  (cont'd) 


Program 

Variable 

Variable 

Definition 

SI 

Units 

English 

FN2 

if  =  1. ,  program  displays 
normal  time,  distance, 
velocity,  accelerations 
and  pressure 

FN3 

-- 

(always  2.  ) 

-- 

-- 

CL 

C/ 

cylinder  length 

m 

in 

EL 

end  length 

m 

in 

CT 

ct 

cylinder  thickness 

m 

in 

ET 

=t 

end  thickness 

m 

in 

DEN 

-- 

density 

kg/m 

i3  lb-f/in3 

VOO 

-  - 

outside  volume  of  vessel 

3 

m 

.  3 
in 

internal  volume  of  vessel 

3 

.  3 

VO 

Voo 

m 

in 

3 

3 

vow 

-- 

wall  volume 

m 

in 

TM 

m2 

total  mass  of  reservoir 

kg 

lb-f* 

POl 

-- 

unit  conversion  step  for  PO 

-- 

RR1 

-  - 

unit  conversion  step  for  RR 

-- 

-- 

CLi  --  unit  conversion  step  for  CL 

EH  --  unit  conversion  step  for  EL 

qj  i  --  unit  conversion  step  for  CT 


:>lb-f  indicates  English  weight  measurement  of  pounds  of  force.  Sea  level 
gravitation  is  assumed. 
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TABLE  4C-2.  (cont'd) 

Program 

Variable 

Variable 

Definition 

SI 

Units 

Enrlish 

ET1 

-- 

unit  conversion  step  for  ET 

-- 

-- 

Sfl 

DENI 

-• 

unit  conversion  step  for  DEN 

-- 

-- 

% 

TMl 

-- 

unit  conversion  step  for  TM 

-- 

-- 

V: 

* 

CAP1 

K 

ratio  of  specific  heats  of  gas 

-- 

-- 

Tw 

Ao 

aoo 

sound  speed 

m/s 

in/sec 

l 

Po 

P 

oo 

initial  pressure 

Pa 

psi 

RR 

r 

cylinder  radius 

m 

in 

• 

♦  '< 

ZN1 

if  =  1.,  input  is  C^,  E{, 

Ct,  Et,  density  of  vessel 
(A,  B,  C,  D,  E  in  pro¬ 
gram) 

if  =  2. ,  input  is  VOQ,  M„ 

Ct  (A,  B,  C  in  program) 

-- 

-- 

ZN2 

specifies  input  units 

1.  implies  SI 

2.  implies  English 

ZN3 

specifies  output  units 

1.  implies  SI 

2.  implies  English 

FN 

-- 

number  of  fragments 
(always  2) 

-- 

FK 

-- 

gas  discharge  coefficient 

All 

-- 

dimensionless  time  inter¬ 
val  of  iteration 

-- 

-- 

• 

>  % 

J 

SMAX 

maxi  muni  dimensionless 
time  of  iteration 
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TABLE  4C-2.  (cont'd) 

Program 

Variable 

Variable 

Definition 

SI. 

Units 

English 

FN1 

-- 

if  =  1.,  program  displays 

6.  g.  i.'.  g'.  p* 

-  - 

VOl 

unit  conversion  step  for  VO 

-- 

-- 

PERI 

n 

perimeter  (calculated) 

m 

in 

FF 

F 

area  of  cross-section  to 
which  force  is  applied 
(calculated) 

2 

m 

.  2 
in 

XX 

X 

characteristic  dimension 
(calculated) 

2 

m 

in2 

THETA 

e 

characteristic  time 
(calculated) 

8 

sec 

CAP2 

-- 

quantity  K/(K-1) 

-- 

-- 

CAP3 

-- 

quantity  (3K-l)/2K 

-- 

-- 

CAP  4 

-- 

quantity  (K+l)/2(K-l) 

-- 

A1 

a 

dimensionless  parameter 

B  1 

P 

dimensionless  geometry 
parameter 

-  - 

X 

-- 

normalized  time 

-- 

-- 

Y<1) 

-- 

normalized  initial  frag¬ 
ment  displacement 

-- 

-  - 

Y(2) 

-- 

normalized  velocity 

-- 

-- 

Y  (3) 

-- 

normalized  pressure 

-- 

-- 

F{1).  F(2), 
F{3) 

-- 

differential  equations 
solved  (see  Equations 

4C-  19  and  4C-20) 

*  • 

**  • 
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TABLE  4C-2.  (concl'd) 


Program 

Variable 

Variable 

Definition 

si 

Units 

Ensiish 

TT 

-- 

normalized  time  (output) 

-- 

*- 

C 

g 

normalized  distance  (output) 

-- 

CC 

s' 

normalized  velocity  (output) 

-- 

GGC 

g* 

normalized  acceleration 
(output) 

-  - 

-  - 

PS 

p* 

normalized  pressure 
(output) 

T  1 

-- 

time  (output) 

8 

sec 

GL. 

1G1 

-- 

distance  (output) 

m 

in 

G2. 

FG2 

-- 

velocity  (output) 

m/s 

in/sec 

C3. 

FG3 

-- 

acceleration  (output) 

m  / 

.  2 
in /sec 

C4, 

FG4 

-- 

pressure  (output) 

Pa 

psi 
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TABLE  4C-2.  (cont'd)  ORIGINAL  PAGE  18 

OF  POOR  QUALITY 


XT RAN  1 

VER.  JUL  13 
♦QEO 

•APPEND/FRAG2/ 

•/ 

DIMENSION  F(3>»Y(3>,VI< 3 ) , V2< 3 > , PS < 50 >. TT< SO > , G (SO > » GG<50 ) .  GGGt SO ) 

3001  FORMAT  (E10.3) 

309  FORMAT  ( 2/. aSH  READ  IN  KAPPA,  SOUND  SPEED,  INITIAL  PRESSURE) 

310  FORMAT  ( 3EI 0.5) 

311  FORMAT  <2/,  1911  IF  PARAMETERS  AREi,/,6DK  CYL.  LENGTH,  END  LENGTH, 

CYL,  THICK,,  END  THICK.,  VALL  DENS.,,/. 

W  ENTER  1.2/.40H  VOLUME,  MASS  OF  RESERVOIR,  CTL.  THICK.,,/, 

«N  ENTCR  2) 

310  FORMAT  <SZI 0.4  ) 

313  FORMAT  <2/,  3iH  PXAD  IN  TIME  INTERVAL,  MAXIMUM  TIME) 

314  FORMAT  C2EI0.3) 

310  FORMAT  (2/.45H  DISPLAY  N3MDIMENS I 3NAL  DYNAMIC  VAR.  7  YES* I  N0>2) 

311  FORMAT  < 2/. ASM  DISPLAY  DIMENSIONAL  DYNAMIC  VAR.?  YES*!  N3*2) 

318  FORMAT  C2/.3S4  MAKE  RANGE  CALCULATION?  YES*I  N0*2) 

300  FORMAT  ( S2H  CHARACTERISTICS  OF  M  3T I £N  Or  F  RAGMENTS  i N3RM AL I  LED > 

,3/.  3X,  6HT-N3RM,  6-X.  1X3,  9X. DKG  ’  ,8X,  2HG“.4X.  6HP-NJRM.  /  ) 

322  FORMAT  (2/.  19)1  INITIAL  C3ND1T 1 AUS./.6H  X( 0 ) * . I ! 0. 4.  7H  G(0>*.EI0.4, 
*H  G'<0)*,E1G.4,9M  ?.|C0RM«,EiO.a.2/> 

•95  FORMAT  (2/.29H  EZGLISH  INPUT / E.'.'CLiSH  3'JTPUT, 2/,  4X.SH  ITE1.6X. 

14H  ENGLISH  UMI TS  ,  2/.6H  KAPPA,  9X,  E  l  0.4#/,  I  2)1  S3  UNO  SPEED,  3X,  £  I  0  . «,» 

9H  IN/SEC,/, 9H  PRESSURE. 6X, EIO. 4,411  Pii./,7A  RADIUS, BX. F  I  0.  A, 

OH  IN, /, 7  H  VJLUME.SX.llO. 4. 6K  CU  IM./.ISH  RESERVOIR  MASS. El  0 . 4, 

AM  L*F./,12H  CYL-  THICK  .  ,  3  X,  E 1 0  .  A  .  3H  IS./.IOH  N3.  3F  FRAGS, 2X> £10.4  ) 

•96  FORMAT  (2/.24H  ENGLISH  INPUT/ 5  OUTPUT,  £/,  4X,  5)1  ITE3l.6X.l4H 
ENGLISH  UNITS, I0X.9II  SI  UNITS. 2/, 6H  KAPPA, 9X.E10.4, 14X.LI0.4./, 

I2H  SOUND  SPEIO,  3X, EIO. 4, 7H  IN/SEC. 7K,£i 0 . 4, oH  M/SEC. /.9H  PRESSURE, 
•X.E10.A.4H  PSI, I0X.E10.4.8H  PASCALS, /»7H  RAD  I U t X , C I  0 . 4 ,  OH  IN.IIX. 

Cl 0.4, 7M  METERS, /.7H  VOLUME, BX,E! 0.4, 63  CU  IN, 8X, E4 0 . 4, !0H  CU  METERS, 
/,1S)(  HCSER'/aiR  MA5S.EI  0.4. 4H  LBF,  IOX.EJi.4,  OK  KC./.12H  CYL.  THICK.. 
3X.EI0.A.3H  IN.  t  IX.EID.4.7H  METERS,/,  )3H  3*3.  3F  F RA G5 , 2X.  E 1  0 . 4 , 
I4X.EJ0.4I 

•97  FORMAT  <2/.  '  'ENGLISH  rUTPUT, 2/, 4X. 5K  ITEM.6X.9H 

SI  UNITS.  I5X, ! 0  TS»2/.<H  AAPPA, 9X.E10.4, I 4X,  E10.4,/,  I  2K 

SOUND  SPEF  vCC.SX.ElC  in  I  n/ SEC.  /  »  9il  PRESSURE. 6X. E I  0 . 4 

, 8H  Pf  Cl  *.4M  PSI./.7H  RA0ICS.9X, EI0.4.  7H  METERS, 7X, 

El 0 .4,  .  '0LUME,8X,E10.4. IOK  cr  M£TERS.4X,tl0.4,6H  CU  IN,/, 

I5H  RE  IASS.EJO.4.0H  KG.  I  I  X,  E  1!C~4.  *M  LDP. /,  1211  CYL.  THICK.. 

3K.EI0.  .  METERS,  7X.EI0.4.3H  I.V. /,  1  SB  N«-  OF  FRAGS.  2X.  E 1 0 . 4, 

I4X.EI0.-4, 

098  FORMAT  (2/.  I9K  3;  INPUT/SI  OUTPUT .  1/ ,  •*  A.  5H  ITE-,(X.9H  SI 
UNITS. 2/. 6H  KAPPA.9X.EI0.4, /. 12H  SOUND  $?!  _0. 3K.EI 0.4 .*M  * /SEC .  ' • 

PH  PRESSURE. 6X.EI0. 4. RH  PASCALS./. 7)1  RAD I US . a* . » 10 . ■ . TN  M 

7H  VOLUME,  8X.E10. 4,  I  3H  C’J  M  T.T  t  AS  .  /  .  I  I  M  TOTAL  MASS.  ox.  F  «0  .  - .  JM 

/, I 2H  CYL .  THICK. »3X. ElO. 7rt  METERS, /.13H  NO.  9»  r RAGS . « X .  L  3  * ) 

900  FORMAT  (2/.24H  RLAO  IN  CYLINDER  RADIUS) 

901  FORMAT  (EI0.5) 

902  FORMAT  <2/.lSH  READ  IN  VALUES) 

903  FORMAT  <i£IO.S> 

904  FORMAT  <2/.i6H  READ  IN  n».  Of  FRA'SIENTS  (  2  . )  5  i  SCKaRCE  COtF.) 
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TABLE  4C-2.  (cont'd) 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


905  FORMAT  <2/,  28H  INPUT  UNITS?  SI- 1  ENGL15H*2> 

906  FORMAT  <2/.29l(  OUTPUT  UNITS?  St*  I  ENGLISH*2> 

907  FORMAT  (2/.I9U  St  INPUT/SI  OUTPUT.  2/.4X.5H  ITEM.6X. 

9H  St  UNITS, 2/, 6H  KAPPA, 9 X, E 10.4,/. I2it  SOUND  SPEED. 3X. EI0.4.6H  M/SEC. 
/,9H  PRESSURE, 6X.LI0. 9, SH  PASCALS./. 

7H  RADIUS, 8X.EI0. 4. 7H  METERS./. I2H  CYL.  LENGTH. 3X.EI0. 4. 7H  METERS./. 
IIM  END  LENGTH. 4X. EIO. 4. 711  METERS./. I2H  CYL.  THICK. . 3X. EIO. 4. 

7H  METERS,/. I IH  END  THICK. ,4X,E10«A»7H  METERS,/, 13H  WALL  DENSITY, 
ZX.EI0.4.8H  KS/CU  M./.ISH  RESERVOIR  MASS, 

EI0.4.3H  KG./.I3H  NO.  OF  FRAGS, 2X.E10. 4 > 

908  FORMAT  (2/.24H  SI  INPUT/ENGLISH  OUTPUT. 2/. 4X. SH  ITEM.6X.9H  SI 
UNITS, ISX, t 4K  ENGLISH  UNITS. 2/, 6H  KAPPA. 9X.EI 0 . 4, 1 4X.EI 0 .4. / 

I2H  SOUND  SPEE0.3X.E10.4.6H  M /SEC. OK, El 0.4, 7H  1N/SEC./.9H  PRESSURE. 
6X.E1  0. 4. 811  PASCALS, 6X.E10. 4, 4H  PSI./.7H  RADIUS. 8X. EIO . 4. 7H  METERS. 
7X.EI0.4.3H  IN./.12H  CYL.  LENGTH, 3X, El  0 .4, 7H  METERS. 7X, EIO. 4. 

3H  IN, / , I  I H  END  LENGTH, 4X, EIO. 4, 7h  METERS, 7X, E 1 0 . 4. 3H  :N./,12H  CYL. 
THICK. ,  3X.EI0.4.7H  METERS.  TX,  Et  0 .4, 3H  IN./.12H  END  THICK. ,3.X, 

E10.fl.7H  METERS. 7X.EI0.4, 3H  IN) 

9001  FORMAT  <1311  VALL  DENS  I TY, 2X, EIO. 4, 6H  XG/CU  M.6X.EI0.4, 

IOH  L8F/CU  IN,/, 

ISH  RESERVOIR  MASS, El  0. 4, 3H  KG, I IX, El  0 . 4, 4H  LBF,/,I3K  NO.  OF  FRAGS. 
2X.CI0.4. I4X.EI0.4) 

909  FORMAT  (2/.24H  ENGLISH  INPUT/SI  OUTPUT. 2/ , 4X, 5H  ITEM.6X.14H 
ENGLISH  UNITS, I0X.9H  SI  UNITS, 2/, 6H  KAPPA. 9X. El  0. 4. 1 4X. El  0.4. /, 

I2H  SOUND  SPEED, 3X.EI0.fl.7H  IN/SEC. 7X. E 1 0.4 ,6H  M/SEC./. 9H  PRESSURE. 
6X.E10.4.4H  PSI, I0X.C10.4.8H  PASCALS. /, TK  RADIUS. 3X, EIO. 4. 3H  IN, 
IIX.EI0.4.7H  METERS,/, 12H  CYL.  LENGTH. 3X, EIO. 4, 3H  IN, 1  I X, El 0.4, 

7H  METERS./. 1 1 H  END  LENGTH, 4X, El 0.4, 3H  IN, I  IX, E 1 0 . 4. 7H  METERS./. 

I2K  CYL.  THICK. , 3X, EIO, 4, 3H  IN, IIX, E» 0 . 4, 7K  METERS,/. I2H  END  THICK., 
3X.EI0.4.3H  IN.  MX,  EIO.  4,  7H  METERS) 

0091  FORMAT  ( 1  3H  '.’ALL  OSNSITY,  2X.EI0.4,  IOH  L8F/CU  IN.4X. 

El 0.4, 8H  KG/CU  M. /, 

ISH  RESERVOIR  MASS, E 1 0 . 4, 4H  LBF , I  OX, E 1 0 • 4, 3H  KG./.I3H  NO.  OF  FRAGS. 
ZX.CI0.4, I4X.EI0.4) 

010  FORMAT  <2/.29H  ENGLISH  INPUT/ENGLISH  OUTPUT, 2/.4X, 5H  ITEM.6X. 

I4H  ENGLISH  UNITS, 2/, 6H  KAPPA, 9X, EIO . 4. /, l 2H  SOUND  SPEED, 3X, E 10.4. 

7K  1N/SEC./.9H  PRESSURE, 6X, El  0.4. 4H  PSI./.7H  RADIUS. 8X, EIO. 4, 

3H  IN./.I2H  CYL.  LF.NGTH,  3X,  El  0.4,  3H  IN,/,  1IK  END  LENGTH,  4X,  El  0.4, 

3M  IN, /, I 2H  CYL.  TH I CK . . 3X, El  0 . 4, 3H  1N./.I2H  END  THICK. , 3X, El  0 .4, 

3H  IN, /, I 3H  VALL  DENS  I TY, 2X, E I  0. 4. IOH  LBF/CU  IN,/, 

ISH  RESERVOIR  MASS, E 1 0 . 4, 4H  L3F./.13H  NO.  OF  FRAGS, 

2X.E10.4) 

Oil  FORMAT  (2/.50H  CHARACTERISTICS  OF  MOTION  OF  FRAGMENTS  <SI  UNITS), 
2/.2X.SH  T IME.SX, 6H  0IST.,5X,5H  VEL..4K.7H  ACCEL. ,2X,9H  PRESSURE./) 
012  FORMAT  < 2 / , 5 5 H  CHARACTERISTICS  OF  MOTION  OF  FRAGMENTS 
(ENGLISH  UNITS), 

2/.2X.SH  TIME, 5X, 6H  DIST.,SX,5H  VEL..AX.7H  ACCEL. .2X.9H  PRESSURE,/) 
013  FORMAT  <  3/»  I  3H  FINAL  VALUES. /,6H  T  IME* ,  E 1 0 . 4 , 411  SEC,/,  IOH 
DISTANCE*. EIO. «. 7H  METERS,/, 1  OH  VELOC I TY* , El 0 . 4, 6H  M/SEC./. I4H 
ACCELERATIO:i*,E10.4,9H  M/SQ-SEC./, IOH  PRESSURE*»EI0.4,SH  PASCALS) 

014  FORMAT  <3/,  I3H  FINAL  VALUES, /,6H  T 1ME», El  0. 4, 4H  SEC,/, IOH 
DISTANCE*. EIO. 4. 311  IN,/, IOH  VELOC ITY* , El  0 .4, 7H  1N/SEC./.I4H 
ACCELERATION*, EIO. 4, IOH  IN/ SQ- SEC, /, l OH  PRESSURE .. EIO. 4, 4H  PSD 
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TABLE  4C -2.  (cont'd) 


JJ-O 

WRITE  0.309) 

READ  <0,310)  CAP1 ,A9,P0 
WRITE  0,900) 

READ  <0,901 >  RR 
WRITE  0,311) 

READ  <0,3001)  ZNl 
WRITE  < 1,902) 

READ  <0,903)  A.B.C.O.E 
WRITE  0,903) 

READ  (0,3001)  ZN2 
WRITE  0,906) 

READ  <0,3001)  ZN3 
WRITE  0,904) 

READ  <0,314)  FN.TK 
WRITE  0,313) 

READ  (0,314)  AH.XHAX 
WRITE  (1,316) 

READ  (0,3001  )  TNI 
WRITE  0,317) 

READ  (0,3001)  FN2 
WHITE  (1,318) 

READ  (0,3001)  FN3 

IF  (ZNOl.O)  100,100.101 

100  CL-A 

EL-B 

CT-C 

CT-D 

DCN-E 

PI-3.1415926535 

V99-P1  • (RR-RR-CL-EL  -RR-RP..EL-EL-EL/3 ,0) 

V0-PI-< (RR.CT)-«2.0-CL*(EL-ET)-; (RR-ET) -*2. 0.(EL-ET > --2 .0/3. 0 > ) 

V0V-V00-V0 

TM-DEN-V0W 

IF  (ZN2.EQ.I .0.ANO.ZN3.E0. I .0)  00  T0  102 
IF  (ZN2.E0.1 .0.AND.ZM3.E0.2.0)  GO  T0  103 
IF  <ZN2.E3.2.0.AND.Z:i3.EQ,  I  .0)  G3  T0  104 
IF  <ZN2.EQ.2.0.AN0.ZN3.EQ.Z.0)  G3  T0  105 

102  WRITE  0,907)  CAPI  ,  A0 , PO, RR, CL. EL,CT, ET, DEN, TM,  FN 
G0  T0  106 

103  A0 I -A3/0 ,0254 

P0 1 -P0 -0. 0254-0. 0234/4. 448222 

RR1-RR/0.0254 

CL  I -CL/0.0254 

ELI -EL/0,0234 

CT I -CT/Q « 025® 

ET1 -ET/0. 0254 

DEMI -(DEN/ 1  4.5939  )-(9.3066-w  9.3048  ) «  ,  0 .0254--3. 0  > 

TMI -TM/ 14 .593?  -(9 . 80665/0,3048) 

-.■RITE  (  1,908)  CAP  I  .CAP  1  .  A0 »  A3 1  .  P3  ,  P0  l  ,  RR,  Rg  1 ,  CL,  CL  I  ,  EL,  ELI  ,  CT,  CTI  . 
ET, ET ! 

'.RITt  (1,9081  )  DEN,5ENI,TM,TMI,FN,FN 
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TABLE  4CN2.  (cont'd) 


ORIGINAL  PAGKJB 
OF  POOR  QOAUTfl 


po*poi 

nr*rri 
cl*cl  t 

EL- ELI 
CT*CT1 
ET*ET  t 

DCN*D£N I / 386 <0886 
TH«TM 1/386.0806 
V0*V0/0.02S4**3.0 
oe  TO  106 

104  A8 l *A0*O .0254 
P0l*P0*4. 448222/0. 0254/0. 0254 
RRI*RR*0.0254 
CLt*CL*0.02S4 

ELI *EL*0. 3254 
CTl«CT*0.0254 
ETl-ET. 0.0254 

DENI *0EN* <0.3046/9. 80665) *14. 5939/ (0.0254* *3.0) 

TMI*TM* <0.3048/9. 80665) *14.5939 

WHITE  (1,909)  CAP1 , CAP! ,  A0. A0 1 , P0, P0 1 , RR, RHI , CL, CL  I , EL, ELI «  CT, CT1 , 
ET.ETl 

WRITE  (1,9091)  DEN.OENt.TM.TMI.FN.FN 

AO* AO  1 
PO-P01 
RR-RRI 

a*  CL  l 
EL* ELI 
CT-CTI 
ET-ETl 
OEM* DEN  I 
TR*TMI 

VO* V0 *0.0254* *3.0 

GO  TO  106  t 

105  WRITE  (1.910)  CAP  1 , A0, P0, RR, CL.EL.CT.ET, DEN, TN, FN 
KN*0EN/386 .0806 

TH*TM/ 386 .0886 
GO  TO  106 
101  V0*A 
TM*B 
CT*C 

PI  *3.  1415926535 

!F(ZN?.EQ. I .0.AMD.ZN3.EQ. 1 .0)  00  T0  95 
IF  <  ZN2. EQ . I  .0  .AMO.  ZN3.EQ.2.0)  G0  TO  9'. 

IF<  ZN2. EQ . 2 .0 . AND . ZN3 . EO . I .0)  G0  TO  93 
IF(ZN2.EQ. 2 .0 . AND. ZN3 . EO . 2 . 0 )  GO  TO  92 
95  WRITE! 1 , 898 )  CAP  I . AO, P0. RR, V0 , TM, CT, FN 
00  T0  106 
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TABLE  4C-2.  (cont'd) 


i 

i 


i 


94  A01-A0/O.O234 

P0 I *P0*O. 0234*0. 0234/4. 448222 

RRI*RR/0.0234 

V0I*V0/<O.O254)**3.O 

THl* <TM/ 14.5939 )• <9.80665/0.3043) 

CTl-CT/0.0234 

WRITE (1,897)  CAP  I . CAP1 . A0, AO  I ,P0.  P0 1 . RR.  RRI , V0.VO I , TM.TM 1 . CT, CTl . 

TV  i  FN 

A8*A01 

P0-P0I 

RR-ARl 

V8-V0 I 

TH*TH 1/306.0886 
CT*CTI 

aa  to  106 

93  A0 l*A0 *0.0234 

P9I*P0*4. 448222/0. 0254/0. 0234 

RRI*RR*0.02S4 

V8 1*V0* (0.0254)* *3.0 

THl*TM* (0.3048/9. 80665) *14.5939 

CT1«CT*0.02S4 

WRITE( 1,896)  CAPI .CAPI»A0,A0I.P0.P01.RR.RR1,V0.V01,TN.TNI.CT,CT1. 
FN.FN 

A0-A01 
P8-P01 
RR*RRI 
V0-V0I 
TH-THI 
CT-CTI 
08  T0  106 

92  WRITE! 1.895)  CAPI.A0.P0.RR.V0.TH.CT.FN 

TH*TH/ 386 .0886 

106  CONTINUE 

PERI-2. 0*PI*RR 

FF*Pl • <RR*CT) **2 .0 

XX*TN*A0*AO*(2.O/(CAPl- I .0) >/(FF*P0> 

TMETA»TM*A0*((2.O/(CAP1-1 .O))**O.5)/(FF*P0> 


CAP2*CA? I /( CAP I -1.0) 

CAP 3* (3.0«CA?I-I .0  >/(2.0*CAPI > 

Capa*  <  cap  i  *i  .0)/<2.o*(  cap  i  -  i.on 

A1  *P0*V0/ < TM  *A9* A0 ) 

8l*FK*(2.0/(CAPl  +  1.0; ) • *CAP a*  C <2.0/ ( CAP1 


1.0) >**O.5>*PERI*V0/{rF*FF) 


X-0.0 
Y(l )*0.0 
Y<2>*0.0 
Y<3  )■  1 . 0 

WRITE  (  1,322)  X.Y < I  ).Y(2)»Y(3) 

NA-3 
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TABLE  4C -2.  (cont'd) 


rc i  )«Y<a> 

r(2)«4.0*Y{3>4(l.O-Y(2>«Y(2)/(4.0*Y(3>**(l. 

»CAPI/A1*Y(1 )»Y(3)**CAP3-CAP1*Y<2) 

Ytl )) 

ir  (FNl-I.O)  200,200.30 

200  WRITE  (1.320) 

30  CALL  RUNGE  (NA. X. Y.r. AH. KA. VI ,V2 ) 

IF  (KA- 1 >  40,50.40 
SO  F(l.-Y(2) 

F(2>.A.O«Y(3).{l.0-Y(2).Y<2>/(4.0«Y( 3 >*•(!. 
F(3>« (-B1 *CAP1 /A  1 *Y( l )*Y(3)*»CAP3-CAPl«Yt2> 
Y(  1  >  ) 

GO  TO  30 

40  ir  (FNl-I.O)  45.45,201 

45  WRITE  (1.312)  X.Y< I ).Y(2),F(2),Y(3> 

201  CONTINUE 

TT<JJ)«X 
G(JJ)-Y(1 > 

GG(JJ)«Y<2) 

GGG( JJ >  <*F(2 ) 

PS(JJ)*Y(3> 

IF  (X-XMAX)  41,10.10 

41  CONTINUE 
GO  TO  30 

10  CONTINUE 

IF  (FN2-I.0)  130. 130.131 

130  IF(ZN3- I .0  >  108, 100. 109 

108  WRITE! I .91 l > 

00  TO  no 

109  WRITEO.912) 

110  DO  107  l«l»JJ 
Tl  "THETA«TT ( I ) 

Gt«(XX*G(l))/2.0 

G2* (XX/ C2.0»THETA) >  «GG(  I  5 
G3»XX/(2.0*TKETa*THETA)«GGG( I ) 

G4«P0*PS( I ) 

107  WRI TE( 1 » 3 1 2 )  Tl ,G1 . G2.G3, G4 

131  FT  1 »THETA*X 
F0I»(XX*Y(1 ) >/2 .0 

FQ2* (XX/(2.0*THETA))*Y(2) 

FG3*XX/ ( 2.0*THETA»THETA) »F ( 2 ) 

FG4»P0»Y( 3 ) 

IFUN3-1.0)  111,111,112 

111  WRI TE( 1 ,9 1  3)  FTl.FGl.FG2.rG3.FG4 
GO  TO  113 

112  WRITE (1,914)  FTI.FG1.FG2.FG3.FG4 

113  CONTINUE 

IF  (FN3-I.0)  204,204,205 
204  CONTINUE 
203  CONTINUE 
END 


0/CAP2  > ) )**CAP2 
•  Y ( 3 ) >/( (CAP  I  *  1 *0 ) /2  »0*AI ♦ 


0/CAP2) ) ) ••CAP2 

*Y(3))/( (CAP1- 1.01/2. 0*A1* 


origin 

OF  POOR  QUALrra 


4C-23 


V  . 


TABLE  4C -2.  (cont'd) 


READ  IN  KAPPA,  SOUND  SPEED,  INITIAL  PRESSURE 
1. *7, 6860 -.500. 


READ  IN  CYLINDER  RADIUS 
4.0 


tr  parameters  arei 

CYL.  LENGTH,  END  LENGTH,  CYL.  THICK,,  END  THICK.,  WALL  DENS 
ENTER  I 

VOLUME,  MASS  OF  RESERVOIR,  CYL.  THICK., 

ENTER  2 

1 


READ  IN  VALUES 
0.0,6.0,0.012,0.012,0.1622 


INPUT  UNITS?  SI-1  ENGLISH-2 

2 


OUTPUT  UNITS?  SI- l  ENGLISH-2 

1 


READ  IN  NO.  OF  FRAGMENTS! 2. ) ,  DISCHARGE  C0EF. 

a.,i. 


READ  IN  TIME  INTERVAL,  MAXIMUM  TIME 

0.1,1  .7 


DISPLAY  N0NDIMENS10NAL  DYNAMIC  VAR.?  YES-l  NO-2 
I 


DISPLAY  DIMENSIONAL  DYNAMIC  VAR.?  YES- I  NO-2 
I 


MAKE  RANGE  CALCULATION?  YES-1  NO- 2 
2 
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TABLE  4C-2.  (cont'd) 


CNOLISH  INPUT/SI  iUTPUT 

ITEM  ENGLISH  UNITS 


KAPPA 

SfUND  SPEED 
PRESSURE 
RADIUS 
CYLc  LENGTH 
END  LENGTH 
CYL.  THICK. 

END  THICK. « 
VALL  DENSITY 
RESERVOIR  MASS 
NB.  OF  FRAGS 


•  1 670E*0 1 
•o680E*04  1N/SFC 
,5000E*03  PSI 
. 6000E*01  IN 
.00O0E*0l  IN 
,6000E*01  IN 
. I 200E-0 I  IN 
. I 200E-0I  IN 
. 1622E*00  LBF/CU  IN 
.8783E*00  L8F 
.20008*01 


ORIGINAL  PAGE  is 
OP  POOR  QUALITY 


SI  UNITS 

.18708*01 
.  1 748E*03 
«34A7£*07 
• I S24E*00 
.00008*01 
.  1524E*00 
•3048E-03 
•3046E-03 
.4490E*04 
•3966E*00 
.20008*01 


M/SEC 

PASCALS 

METERS 

METERS 

METERS 

METERS 

METERS 

KG/CU  M 

KG 


INITIAL  CONDITIONS  _  _ „ _  „  ioOOE*01 

x<oi.  .ooooc.oi  r,(0>«  «ooooe*oi  G'<o>«  .ooooe*oi  p-nbrh*  • 


CHARAC. ERISTICS  OF  MOTION  OF  FRAGMENTS  (NORMALIZED) 


)  i 

i 


* 

* 


T-NORM 

. 1 OOOE.OO 
. 2000E*00 
• 3O00E.0O 
•4000E.OO 
.5000E*00 
•6000E.OO 
• 7O0OE.0O 
. BOOOE.OO 
.90008*00 
.10008*01 
.11 OOE.O I 
. I 200E«0 I 

•  I 300E*0 1 
. I 400E*0 1 

•  I 500E*0 1 
. I600E*01 
.17008*01 
. I800E.01 


.1 960E-01 
.7434E-01 
. I SS4E«00 
, 25438*00 
.36488*00 
. 4  83 1 E*00 
. 6063E*00 
. 7329E*00 
•66 1 7£*00 
.991 9E*00 
.1  1 23E*0  1 
. 1 2538 *0 1 
. 1 387E*01 
.151 9E*0 I 
. 1 6528*01 
. I  7848*01 
. 1 9 1 7E*0 I 
. 2050E+0 1 


. 384 JE*00 
•6943E*00 
.91 16E*00 
. 1 055E  *0  1 
. I  1 49E*0 1 
.121 18*01 
. 1 25 1 E  *0 1 
. 1278E*01 
. 1 296E*0  1 
.13038*01 
.131 5E*0  1 
.  1  320E  +  0  1 
. 1 323E*0  1 
. 1324E.01 
.  1 325E*0  1 
. 13268*01 
.  1  326E*0  1 
. 1 326E*0 1 


. 3550E*01 
. 26  I 9E*0 1 
. 1 76 1 E*0 I 
.1 1 5 1 E*0 I 
.7525E*00 
•4952E*00 
• 3277E*00 

•  2 1  7 1 E*00 
. 1431E*00 
.9316E-0I 
•5936E-0 1 
. 3658E-0 I 
.21438*01 
. 1 1638*01 

•  559 1 E-02 
. 2 1 74E-02 
.5397E-03 
.2697E-04 


P-N0RM 

.976  5E*00 
.91 38E*00 
•8203E*00 
• 7388E.00 
.65168*00 
. 5720E*00 
.50158*00 
•43$8E*00 
. 3864E*00 
. 3402E*00 
• 3003E*00 
. 265  8E*00 
. 23S9E*00 
. 2099E*00 
. I  8  7  3E*00 
. 167SE*00 
. 1 502E*00 
. 1 350E*00 
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TABLE  4C-2.  (concl'd) 


CHARACTERISTICS  0F  M0TJ0N  0F  FRAGMENTS  <51  UNITS) 

TIME  01  ST •  VEL.  ACCEL.  PRESSURE 

*4804E-04  •  I421E-02  .S804E*02  .I116E«07  .3367E.07 
.9607E-04  .539 IE-02  .1048E*03  .B230E*06  .3150E+07 

•  144IE-03  . 1  1 27E-0 1  .13765*03  .5S33E*06  .2SS9E*07 
. 192IE-03  .1844E-01  .1S93E«03  .3618E«06  .2547E*07 
.8402E-03  .  2646E- 9 1  . I73SE*03  .2365E.06  .2246E.07 
•8882E-03  .3503E-0I  .182BE.03  .ISS6E*06  .I9?EE*07 
.3363E-03  .4397E-01  .1889E*03  .1030E»06  *1729E*07 
• 3843E-03  .531 5E-0 1  .1S30E-03  .682IE*0S  .1516E*07 
.4323E-03  . 6249E-0 1  .19S6E*03  .4497E*05  .I332E+07 
.4804E-03  .7 1 93E-01  ,1974E*03  .29282*05  .«I73E*07 
•S284E-03  .8I44E-0I  .19352*03  . 1 6662*05  .IQ3SE*07 
.S764E-03  .9  1 OOE- 0 1  . 1993E*03  .1150E*05  ,9163£*06 

•  6245E-03  . 1 036E *00  .1997E*03  .67352*04  .8I32E.06 
•6725E-03  • I I02E«00  .19992*03  . 3655E+04  .7236E*06 
. 7205E-03  . I 198£*00  .200IE*03  .17S7E*04  .6456E*06 
.7686E-03  • 1 294E *00  .200IE*03  .683IE*03  .57752*06 
.8I66E-03  • 1 390E«00  .2001E*03  .I696E«03  .51792*06 
.864"*"-03  . 1 486£«00  .2001E*03  .8a76E*01  .4655E*06 


.  .  -  VALUES 

TIKE-  . 8647E-03  SEC 
DISTANCE-  •  1 486E*00  METERS 
VEL0CXTY-  • 200 1E*03  M/SEC 
ACCELERATION-  .6476  2*0 1  H/SQ-SEC 
PRESSURE-  .4SS5E*06  PASCALS 
•ST0P* 

(SMAINS  >205* I 
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The  matrix  of  different  initial  conditions  run  on  the  computer  is 
Riven  in  Table  «C-3.  For  these  calculations,  the  containment  vessel 
w.iS  "chosen  to  be  made  of  a  titanium  alio/  since  these  alloys  arc  often 
used  for  fliRht-weiRhi  containment  vessels.  Gases  chosen  were  air, 
xenon  (Xo),  hydrogen  (l^),  and  carbon  dioxide  (CO2).  Table  4C-4  con¬ 
tains  nondimensionalized  input  parameters  and  nondimensionalized  final 
velocities.  It  should  be  noted  that  these  nondimensional  quantities  are 
not  the  same  as  the  dimensionless  parameters  generated  in  the  program 
lo  calculate  velocity.  Rather,  the  nondimensional  parameters  in 
Table  4C-4  take  the  following  form: 

(1)  Nondimensional  pressure  P  =  initial  pressure /atmos- 
ph  cric  pressure 

(2)  Nondimensional  thickness  h/D  =  cylinder  thickness/ 
cylinder  diameter 

(3)  Nondimensional  length  L/D  *  total  length/cylinder 
diameter 

(4)  Nondimensional  velocity  V  -  final  velocity /sound  speed 
of  gas. 

For  all  of  the  cases  run,  the  following  conditions  hold: 

(1)  All  vessels  were  assumed  to  be  made  of  titanium  or  a 
titanium  alloy, 

(2)  The  thickness  of  the  containment  vessel  is  uniform. 

(3)  All  containment  vessels  have  hemispherical  endcaps. 

Figures  4C-3  through  4C-5  contain  plots  of  V  versus  P  for  h/d  ratios 
of  0.  001,  0.  01  and  0.  1,  respectively,  the  L/D  ratio  being  held  constant 
at  10.  0  and  as  many  as  three  curves,  one  for  each  of  the  gases  (CO?, 
air,  H^),  beinj;  plotted  on  each  figure.  Figures  4-18  through  4-20  con¬ 
tain  plots  of  V  versus  P  for  air,  carbon  dioxide  and  hydrogen  gases, 
respectively,  the  L/D  ratio  being  held  constant  at  10.  0  and  as  many  as 
three  curves,  one  for  each  h/D  ratio  (0,  001,  0.  01,  and  0.  1)  being  plotted 
on  a  single  figure.  Figure  4-21  contains  a  plot  of  V  versus  L/D  ratio 
for  air  and  a  h/D  ratio  of  0.  01.  Two  curves  are  plotted  or.  this  figure, 
one  for  each  of  two  different  initial  gas  pressures. 

From  the  curves  in  the  figures  mentioned  above,  one  can  make  a 
few  conclusions. 
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TABLE  4C-3 

i 

'  INITIAL  CONDITIONS  I 


Containment  Vessel  Cha racter iatics  _ Sonic  Vi- lo«- itii-s 


R 

C.  0 

in 

Air  - 

13550 

ir  / 

sec 

344 

.  1  7  in  / 

s 

"  i 

= 

C.  1622  lbf/in3 

Xo  - 

6880  in/set.  * 

174.  752  m/> 

N 

r 

2. 

h2  - 

50000  in/aec 

1270  m/s 

k 

- 

1.  0 

co2- 

10150 

in  / 

HVC  : 

257.  81  m/ 

N 

Run 

aoo 

Poo 

CL 

EL 

CT 

HT 

No. 

L/D 

Gas 

V 

(in/sec) 

JE£iL 

(in) 

(in) 

h/D 

(ini 

(in ) 

1 

1. 

.  0 

Air 

1.4 

13550 

500 

0 

.  0 

6 

.0 

0. 

.  00) 

0.  0  12 

0.  OJ2 

2 

1 

60000 

i 

j' 

3 

1 

1 

500 

0. 

01 

12 

o.  12 

4 

1 

60000 

I- 

[ 

5 

1 

J 

500 

0. 

1 

1. 

2 

1.2 

6 

j 

\ 

1 

1 

i 

\ 

' 

60000 

1, 

f 

r 

1 

v 

7 

Xe 

1. 

67 

6880 

500 

0. 

001 

0. 

0  12 

o.  012 

8 

60000 

i 

[■ 

[ 

i' 

9 

500 

0. 

01 

0. 

12 

o.  12  , 

10 

60000 

1 

; 

1 

t 

Ir 

f 

I  i 

500 

i 

■ 

0. 

1 

1. 

1.  2 

i  2 

\ 

1 

i 

1 

r 

60000 

1 

\ 

f 

1 

4 

y 

13 

2. 

,  5 

Air 

1. 

4 

J  3  550 

500 

J  8 

.  0 

6. 

.  0 

0. 

0  1 

0. 

12 

o.  12 

14 

1 

t 

j 

i 

60000 

j 

i 

Ir 

1 

\ 

f 

Y 

15 

5. 

0 

Air 

i. 

4 

13550 

500 

48.  0 

6. 

,  0 

0. 

01 

0. 

12 

o.  12 

16 

1 

l 
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TABLE  4C -3.  (Corn'd) 


No. 

L/l) 

Gas 

V 

29 

10.  0 

Air 

1.4 

H-,  1.4 


Joo  Poo 

( in/sec )  (pii) 


13550 


50000 


i 

10150 


500 

2000 

8000 

25000 

60000 

500 

2000 

8000 

25C00 

60000 

500 

2000 

8000 

25000 

60000 

500 

2000 

8000 

25000 

60000 

500 

2000 

8000 

25000 

60000 

500 

2000 

8000 

25000 

60000 


108.0 


EL  CT  IT 

(in )  h/  0  ( in  I  ( in  I 

6.0  0.1  1.2  1.2 


'  I 


;  i  * 

0.001  0.012  0.012 


O.'oi  0.'  1 2  0.'l2 


i  »  ' 

0.01  1.2  1.2 


0.001  0.  012  0.012 
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TABLE  4C -4,’  NONDIM  ENSIONAL  INPUT  PARAMETERS 
AND  NONDIM ENSIONAL  VELOCITY 


Run 

No. 

L' 

_D_ 

Ga  a 

Noiuiim. 

Pressure 

1  l*oo  /  1  Atm  •  J 

h'D 

Xdiul  III  .  • 
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1 

.  0 
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i. 
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0.  001 

0.  '151'* 
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2 

1 
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i 

1 .  ‘*066 
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3 

34.  01 

0.  01 

0.  3014 
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4 

! 
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* 
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5 
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o. ; 

1 

0. 0527 

18.3 

6 

« 

t 
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• 

0. 8406 

28"*.  3 

1 

Xe 

i. 

,67 

34.  01 

0.  001 

1. 1451 

2  00.  1 

3 

1 
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1.6337 
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4 

i 
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0.  01 

0.  5734 
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JO 

i 

1 

| 
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t 

1.4'»)H 
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1  1 

34.01 

0.  , 

1 
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2o. 

12 

1 

i 

« 

1 

4081.63 

1 

1 . 0787 
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13 

?.! 

.  5 
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j  . 

»  4 
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0.  0J 

0. 2679 

12.  20 
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i 

♦ 

* 

40  31. 63 

i 

1. 5008 
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15 

, 

5. 

!  o 
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34,  Cl 

0.01 
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i  * .  -  4 

16 

1 

i 

\ 

J 
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17 

7. 

.  5 

Air 

1. 

!  4 

34.  0) 

0.  01 

0.2014 

69.  39 

18 

J 

i 

) 

4081.63 

4 
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528.  1 

n 

10. 

.  0 

Air 

l! 

!  4 

34.01 

0.  001 

0.  7284 

2  50.  7 

20 

j 

136.05 

1.2128 

417.4 

21 

344.22 

1.  5870 

546.2 

22 

1 

j 
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J.  788) 

6  1  v  •  4 

23 

1 

i 

4081.63 

i 

1.9005 

654.  1 

24 

i 

1 

34.  01 

0.  01 

0.  1851 

63.  72 

25 

i 

| 
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0.  4373 

J  50.  5 

26 

j 

344. 22 

0.  879> 
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27 

: 

1 700. 68 

1.2703 

437.2 

28 
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i 

1 

1.3129 

520.  7 

29 
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0.  1 
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10.  03 

30 

136. 05 

1 

0. 0731 

25.  16 

3! 

544.22 

I 
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t>2 .  37 

32 
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0. 3713 

J  27.  b 

33 

40MJ.63 

0.6102 

210.0 

♦  » 
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TAO^E  4C-4.  (Corn'd) 
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Nu. 

l./l) 

(  id  ft 

V 

NonJim. 

Pro ssu  r»- 
(  P.w./  1  Aim.  ) 

h/ 13 
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Vi1  Inc  ily 

( V  /linn) 
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(hi  f  m  c  1 

VI 

111. 
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1  ( 
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42 
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I 
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;  1 
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0.  1 
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40 
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0.  0325 
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0.  J 

0. 0440 
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1 

i 

136. 05 
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0.  1 J00 
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1 

1 
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0.  2711 
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0.  5446 
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58 

>, 

1 
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1 

4 
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222.  4 

isurfc  4C-3.  Nonditv.er.sior.al  Velocity  Vs  Nor.dir.'.er. sional 

Prcuurr  :nr  Several  Gates 


Conclusions 


In  ail  cases,  fragment  velocity  increases  as  initial 
pressure  increases,  but  at  a  decreasing  rate. 

Fragment  velocities  from  vessels  containing  the  heavier 
gases  (and  the  tower  sonic  velocities)  are  higher  than  that 
for  the  lighter  gases  (and  the  higher  sonic  velocities)  for 
the  same  initial  pressure,  L/D  ratio  and  h/D  ratio.  The 
rate  of  change  in  velocity  with  increasing  pressure,  how¬ 
ever,  is  greater  lor  the  lighter  gases,  and  all  the  cunes 
plotted  appear  to  approach  an  asymptotic  limit  for  a 
fixed  h/D  ratio  (Figures  4C-3  through  4C-5). 

Fragment  velocities  for  thin-walled  vessels  (low  h/D 
ratios)  are  higher  than  those  for  thick-walled  vessels 
(high  h/D  ratios),  for  the  sanre  initial  pressure,  L/D 
ratio  and  gas.  The  rate  of  change  in  velocity  with  in¬ 
creasing  pressure,  however,  is  greater  for  the  thick- 
walled  vessels,  and  all  the  curves  plotted  appear  to 
approach  an  asymptotic  limit  for  a  fixed  gas  (Figures 
4-18  through  4-20). 


For  a  fixed  initial  pressure,  fragment  velocities  decrease 
with  increasing  L/D  ratios.  For  higher  initial  pressures, 
however,  the  rate  of  decrease  in  the  fragment  velocity 
with  increasing  L/D  ratios  decreases  (Figure  4-21). 
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ESTIMATION  OI;  VELOCITIES  ATTAINED  I'.Y 
APPURTENANCES  SUIUECTEP  TO 
IU .AST  I.OADINC. 


The  situation  discussed  here  involves  the  interact  ion  ol  appurte¬ 
nances  (nearby  objects)  with  the  blast  wave  from  propellant  or  pressure 
vessel  explosions.  These  objects  can  be  parts  of  the  launch  tower,  stor¬ 
age  tanks,  vehicles,  ana  objects  in  or  aitachcd  to  the  upper  stages  of  the 
launch  vehicle  itself,  or  they  can  be  tools,  benches,  chairs,  and  machinery 
in  a  shop  area.  The  types  of  appurtenances  depend  upon  the  location  of  the 
explosion,  and,  for  this  reason,  results  in  thi3  appendix  are  presented  in 
such  a  manner  that  velocities  of  essentially  any  conceivable  appurtenance 
in  the  blast  field  can  be  calculated. 

To  be  able  to  predict  velocities  to  which  appurtenances  are  accel¬ 
erated  by  explosions,  one  must  consider  the  interaction  of  blast  waves  with 
solid  object s.  Figure  4D-I^  shows  schematically,  in  three  stages,  the 
interaction  of  a  blast  wave  with  an  irregular  object.  As  the  wave  strikes 
I  lie  object,  a  portion  is  reflected  from  the  front  face,  and  the  remainder 
diffracts  around  the  object.  In  the  diffraction  process,  the  incident  wave 
irunt  closes  in  behind  the  object,  greatly  weakened  locally,  and  a  pair  of 
trailing  vortices  is  formed.  Ra  refaction  waves  sweep  across  the  front  face, 
attenuation  the  initial  reflected  blast  pressure.  After  passage  of  the  front, 
the  bodv  is  immersed  in  a  lime-varying  flow  field.  Maximum  pressure  on 
the  front  lace  during  this  "drag"  phase  of  loading  is  the  stagnation  pressure. 

To  predict  the  elfecl  ol  a  blast  wave  on  an  appurtenance,  it  is  neces¬ 
sary  to  examine  the  net  transverse  pressure  on  the  object  as  a  function  of 
lime.  Ibis  loading,  somewhat  idealized,  is  shown  in  Figure  4D-2.  After 
lime  ul  arrival  1  a  .  the  net  transverse  pressure  rises  lincarlv  trnm  zero 
I.,  .1  ii'.txiiiiiiin  peak  reflecUu,  pressure  Pr  in  t’tne  (I  |  -  !a).  For  an  object 
wth  a  Hat  face  nearest  the  approaching  blast  wave,  this  time  interval  is 
zero.  Pressor**  then  lal  1  s  I  inea  rly  to  drag  pressure  in  time  (Tj  -  T  |  )  and 
de«avs  mure  slowly  to  zero  ii.  time  (T  ^  -  T,|. 

Once  the  time  history  nl  net  transverse  pressure  loading  is  known, 
ilie  preiji,  t ion  ul  appurtenance  velocity  can  be  made.  The  basic  assump¬ 
tions  are  that  the  appurtenance  behaves  as  a  rigid  bodv,  that  none  of  the 
energy  in  the  blast  wave  is  absorbed  in  breaking  the  appurtenance  loose 
from  its  moorings  or  deforming  it  elastically  or  plastically,  and  that 
gravity  effects  can  be  ignored  during  this  acceleration  phase  of  the  motion. 
I'lie  equation  ol  motion  of  the  object  is  then 
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Figure  4D-1.  Interaction  of  Blast  Wave  with 
Irregular  Object 


Figure  4D-2.  Time  History  of  Net  Transverse  Pressure 
Oljieet  Dunne  Passage  of  ;  Blast  Wave 
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A  p  (t '  M  x  -  -  -  -  — - -  —  —  (40-  1 ) 

when; 

A  ‘  area  of  the  object  presented  to  the  blast  front 
p(t)  -  net  transverse  pressure  according  to  Figure  4D-2 
M  =  total  mass  of  the  object 

x  =  displace’  •  ♦  of  the  object  (dots  denote  derivatives 
with  res  *  to  time) 

The  object  is  assumed  to  be  at  rest  initially,  so  that 

x(0)  =  0  ,  x  (0)  •••  0  (4D-2) 

Equation  (4D-1)  can  be  integrated  directly.  With  use  of  lh>  initial  condi¬ 
tions,  Equation  (4D-2),  thin  operation  yields,  lor  appurtenance  velocity, 

IT,-,) 

i(T3)  =  £  j  p(.ldt  =  £  .d  (4D-3) 

0 

where 

1^  =  total  drag  and  diffraction  impulse 

The  integration  in  Equation  (4D-3)  can  be  performed  explicitly  if  the  pres¬ 
sure  time  history  is  described  by  suitable  mathematical  functions,  or  per¬ 
formed  graphically  or  numericalK  if  p(i)  cannot  be  easily  v<  ritten  in  func¬ 
tion  form.  In  either  case,  Equation  (4D-3)  yields  the  desired  result- -a 
predicted  velocity  for  an  object.  The  integral  in  Equation  (4D-3)  is  merely 
the  area  under  the  curve  in  1-igurc  ID-2, 

The  lime  historv  of  drag  pressure  is  the  modified  exponential  with 
maximum  given  by 
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Cp  -  steady-state  drag  coefficient' fBr  the  objetrt 
Q  =  peak  dynamic  overpressure 
p  r  peak  density 
ug  =  peak  particle  velocity 


The  characteristics  of  the  diffraction  phase  of  the  loading  can  be  deter¬ 
mined  easily  if  the  peak  side-on  overpressure  Ps  or  the  shock  velocity  u 
is  known  ,  together  with  the  shape  ano  seme  characteristic  dimensions  of 
the  object.  The  peak  amplitude  of  the  drag  phase  CjjQ  can  also  be  deter¬ 
mined  explicitly  from  P8  or  u8  .  The  time  history  of  the  ensuing  drag 
loading  Cjjq(t),  however,  is  quite  difficult  to  predict  accurately  for  pro¬ 
pellant  blasts  or  blasts  from  gas  vessel  explosions. 

Side-on  overpressure  is  often  expressed  as  a  function  of  time  t>v 
the  modified  Friedlander  equation.  (2) 


P(t) 


-bt/T 

e 


(41)-'.) 


where 


T  =  duration  of  the  positive  phase  of  the  blast  wave 
Integrating  this  equation  gives  the  impulse 

-  T  ■  -hi 

1  PT  i  fl  -  e  1 

I  =  |  p  (t)  dt  =  ^-r-  1  -  ' - - - f  I  HD-'-) 

j  b  b  J 

The  dimensionless  parameter  b  is  called  the  time  constant,  is  a  liim  imn 
of  shock  strength,  and  is  reported  in  Chapter  0  of  Reference  ,1.  Il  is  plotted 
graphically  in  Figure  4D-3  for  a  range  of  shock  strengths,  P,  where 

P 

P  =  —  (4D- 7) 

P 

i) 

and  pD  is  ambient  air  pressure.  Ambient  air  pressure  p(J  '..tries  with  alti¬ 
tude  as  shown  in  Figure  3-‘).  The  peak  reflected  overpressure  \,r  and 
peak  dynamic  pressure  O  are  unique  functions  of  1J  lor  i  g  i  v  c  n  an  due  n; 
pressure  p(>  .  For  s hoc  iu  »l  iiiltrmei'wli'  lowtak  ilmi  tlis,  P  ■  I .  ‘ ■  , 
these  functions  arf(^ 
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where 


P 
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(4  D-8 ) 


(4D--I) 


(4  D  10) 


For  the  time  history  of  drag  pressure,  a  good  fit  to  experimental  data  lor 
TNT  is  a  slightly  modified  form  of  that  employed  by  Glasstono,  (3) 


<i(0  Q 


1  -  t  -bt/T 

T  /  U 


(41)-  I  I  ) 


In  order  to  estimate  values  for  the  time  intervals  shown  in  Figure 
4D-2,  it  is  necessary  to  obtain_the  shock  front  velocity  U  .  This  is  a  unique 
function  of  the  shock  strength  P  and,  for  P  <  3,  5,  is  given  by(2) 

U2  =  1  +  ^  (4  D-  1 .’) 

for 

U  U a  (41)- II) 

o 


win.  re 


,i  speed  ill  sound  air 

it 

The  manner  in  which  a()  varies  with  oUitude  is  shown  in  Figure  3!)-2.  Fur 
shock  strengths  P  greater  than  3.  S ,  Pr,  Q  and  U  for  liquations  (4I)-H), 
(4D-'l),  and  (4D-12),  respectively,  can  be  approximated  from  table:,  in 
Chapter  G  of  Reference  2.  Methods  for  estimating  (T  j  -  t^)  and  (Tj  *  Tj) 
are  given  by  Norris,  ot  al.  and  depend  on  the  shock  front  velocity  given 
above  and  the  geometry  ol  the  appurtenance.  The  first  time  interval  can 
be  uc  qui  red  I  rout 
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where  X  is  1 1 ii*  (lisl.im  r  !rmu  the  front  of  'he  object  to  the  plane  facing  the 
approaching  lil.  isi  wave  whit  h  has  the  largest  c  r  oss  -  see  1  ional  area.  The 
latter  linn:  interval  ran  he  determined  from 


4  h 
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inr  appui le nances  on  the  gromd  and 

2  h 


<W  - 


u 


(4D-  It.) 


for  appurtenances  in  the  air,  whore  I!  is  the  minimum  transverse  dimen¬ 
sion  of  the  largest  mean  presented  area.  Time  interval  (T j  -  ta)  is  equiva¬ 
lent  to  T  and  can  he  acquired  by  rearranging  Equation  (4D-u)  givine 


1  b 


(4D-  17) 


P  I  - 


.  •  •• 
(l  -  c _ > 


The  inlegral  in  Equation  (4D-3)  is  just  the  area  under  the  curve  in 
Eiguro  4D-2.  Using  the  law  of  similar  triangles,  time  interval  (Tj  -  T^) 
(see  Figure  4D-2)  can  be  obtained  from 
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Solving  Equation  (4D-18)  for  T 
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CDq(T2) 


I  - 


C.  q  (T  ) 
I)  2 


( in-  \<>) 


Tin*  Inl.il  area  under  t'u*  curve  in  Figure  4D-2  is  (hen 
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where  AtaI3rT|  represents  »he  triangle  with  vertices  t<(  .  F ,.  and  I  .  .  and 
A  1  2  [CpqCl^)]  T  |  represents  (lie  trianelc  with  vertices  *2*  ^’ndfl  ,),  .mil 
Tj  .  The  integral  in  Equation  (4D-20)  can  lie  solved  by  subst  it  ut  i  nu  Equ.i  - 
tion  (40*  M)  for  q  (t ) .  Making  similar  substitutions  and  solving  tin-  inte¬ 
gral,  Equation  (40-20)  becomes 


i  I 


i  I 

(40  21) 

After  substituting  appropriate  values  for  the  variables  and  vvaluatioc  ibe 
middle  portion  of  Equation  (4D-21)  over  th_  time  interval  to  T  ,  total 
drau  and  diffraction  impulse  tan  lv  determined.  Substitul  im:  total  im¬ 
pulse  Ij  ,  the  mean  presented  area  A  and  total  mass  M  of  the  object  into 
Equation  (4D-3),  the  maximum  velocity  ot  the  appurtenance  can  be  lound. 
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Surely,  this  is  a  needlessly  lone  procedure  to  follow  every  time  an 
estimate  ol  uppii  rte  name  velocity  i  -  required.  In  order  lo  simplily  llu- 
ve  I  oc  i  I  y  c  .1 1 1  ii  I  a  I  i  on  ,  I'q  i  m1  i  on  (4  I)-  I )  »  . »  n  I  »■  pul  iuliinoiuliiini.snui.il  o  r  1 1 1 . 
This  was  done  by  subsl  il  ill  in;;  known  environnieiil.il  variable;  inlo  Eqii.i 
tion.s  (4  |1  -  f )  and  (4  D  -  2  I  )  and  re.i  rranumu  terms.  Alter  |ie  r  Ii  i  r  i  in  uj;  all  • .  i 
l  lie  s  iibs t  i'.  ■  :l  inns  ,  a  I  r*  i > h  ihIihik I  y  lonu  equal  ion  ev  ol ..  es  ,  wlm  1 1  •  i  dm  <  s  1 1  ■ 
tin'  simple  liinctionul  formal 

M Va  F  C. I  a 

_ o _  '  _ s  Dsn  ‘  , 

p  A  (KM  t  X)  ‘  p  '  F  { K 1 1  i  X)  / 

O  OS' 


a 


■ « *  r  < ■ 
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M  =  mass  of  object 

V  =  velocity  of  object 

a  =  velocity  of  sound  in  air 

o 

p  =  atmospheric  pressure 

o 

A  =  mean  presented  area  of  object 

K  -  constant  {4  if  appurtenance  is  on  the  ground  and  2  if 
appurtenance  is  in  air) 

H  =  minimum  transverse  dimension  at  location  of  largest 
presented  area  of  cbj»ct 

X  =  distance  from  the  front  of  object  to  location  of  largest 
cross-sectional  urea 

P#  -  peak  incident  overpressure 

drag  coefficient 

peak  incident  specific  impulse 


D 


The  manner  in  which  pQ  and  aQ  vary  with  altitude  is  shown  in  Figures 
and  3D-2,  respectively.  Representative  values  for  drag  coefficient  Cp  can 
be  found  in  Figure  4D-4.  Equation  (4D-22)  states  that  nondimensional  appur¬ 
tenance  velocity  is  a  function  of  nondimensional  pressure  and  nondimensional 
impulse.  A  computer  program  was  written  to  determine  combinations  of 
nondimensional  pressures  and  impulses  required  to  produce  various  non- 
dimensional  velocities.  A  graphical  representation  of  the  nondimeusional 
pressure  P8  and  nondimensional  impulse  I#  combinations  producing  vari¬ 
ous  values  of  nondimensional  velocity  V  is  shown  in  Figure  4D-5.  Objects 
of  various  sizes  and  shapes,  as  shown  in  the  key  for  symbols,  were  used 
as  input  into  the  program  to  test  the  nondimensional  scaling  law.  As  ex¬ 
pected,  all  calculated  points  were  near  the  appropriate  nondimensional 
velocity  curves.  Thus,  Figure  4D-5  can  be  used  to  calculate  the  velocity 
of  any  type  of  appurtenance.  Care  shoutd  be  taken  when  interpolating  be¬ 
tween  curves  and  extending  curves.  Estimates  made  by  extending  the  curves 
to  lower  nondimensional  impulses  are  especially  hazardous.  An  example 
for  calculating  appurtenance  velocity  follows. 
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Example 

Suppose  a  square  cement  block  is  subjected  to  an  explosion.  At  the 
block  it  was  determined  that 

Pa  =  1. 0  X  105  Pa  (14.  5  psi) 

I  =  1 . 9  x  104  Pa-  a  (2.  756  psi -sec) 

The  explosion  occurs  at  sea  level.  Therefore, 

p  =1. 0135  x  105  Pa 
o 

a  =  340  m/s  (1115  ft/sec) 
o 

The  block  has  characteristics  [see  Equation  (4D-22)] 

X  r  Om 

H  -  2.  5  m  (8.  2  ft) 


A  =  25  mZ  (269  ft2) 

M  =  2.  8  X  105  kg  (6.  17  x  105  lb  ) 

m 

Since  the  appurtenance  is  on  the  ground, 

K  =  4 

Nondimensional  pressure  P  is  then 


P 

s 


1.0  x  105  Pa 
1. 0135  x  105  Pa 


P  =0.99 

s 

Nondimensional  impulse  is 


I 

s 


C 

P~ 

8 


_1  a 
D  i  o 

(KH  +  X) 


P  .  05) ( 1 . 9  x  1  U4> ( 34 0) 

(1. 0  x  105)  [  (4) (2 . 5)  +  (0)] 
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I 

1  . 


I 


I  =6.8 

s 

Locating  the  point  (P  ,  1^)  on  Figure  40-6,  one  cun  find  that  it  lies  very 
near  the  6.0  nondime  ns  ional  velocity  V  curve.  Choosing  V-  equal  to  6.0. 
appurtenance  velocity  can  be  calculated  as  follows: 

M  Va 

- 2 -  =  5  0 

p  A  (KH  +  X) 
o 


V 


{5.  0)  p  A  (KH  +  X) 
o 

M  a 

o 


V  .  (5.  0)0.0:  1  '  »  IQ5  Pa)  (26  mZ)[(4)(2,6  m)  4-  (0>: 

(2.  8  y  105  kg)  (340  m/s) 

V  =  1.33  m^  (4.36  ft/sec) 

The  listing  of  variables  and  list  of  the  computer  program  follow. 


COMPUTER  PROGRAM  ENTITLED  /NDAPVE/ 
IN  FORTRAN  IV 


Function: 

This  program  computes  nondimensional  appurtenance  velocities 
for  various  nondimensional  pressures  and  nondimensional  impulses. 
Input  data  are: 


(A)  Nondimensional  values  for  calculations 

(PB,  BB)  Ordered  peirs  of  nondimensional 

peak  incident  overpressure  P 
and  dimensionless  time  constant 
b  . 

(PBB,  UB,  QB,  PR  B)  Ordered  quadruplets  of  non- 

dimensional  values  of  incident 
overpressure  P  ,  shock  front 
velocity  U  ,  dynamic  pressure 
Q,  and  reflected  pressure  P 


4D-13 


(NDV) 


Nondimensional  velocity  values. 


(E)  Blast  wave  characteristics 

[P(I)^  Peak  incident  overpressure 

[PI(I)1  Specific  impulse 

(C)  Ambient  conditions 

[PO(Il]  Atmospheric  pressure  p^ 

[AO(I)]  Speed  of  sound  a^ 

(D)  Appurtenance  characte  ristics 
(X) 

(H) 

(CD) 

(A) 

(TM) 

Variables : 

The  definition  and  units  of  the  variables  in  this  propram  are  uiven 
in  the  following  table. 


Distance  X  from  front  of  object 
to  location  of  largtst  cross- 
sectional  area. 

Minimum  transverse  distance 
H  of  the  mean  presented  area 
of  the  appurtenance. 

Drag  coefficient 

Mean  presented  area  A 

Mass  M  of  appurtenance 
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Program 

ruble 

TABLE  4D 

Vaniblc 

-1.  DEFINITION  OF  PROGRAM  VARIABLES 
FOR  APPURTENANCE  PROGRAM 

Uelmit  inn  1 

i .  ml  1 

i*n 

r* 

r.iindinifUnuul  pn»inrr  t**r  •'  al  c  ulat  i  f'u  b 

mi 

i> 

tftfven s  ionlr  s  «  itm«  (omur.i  h 

... 

pni' 

r* 

noudimrnsional  ^>ea£  me  ident  pr?*»ure  (or 
calculating  u  ,  U  ,  P 

r 

CH 

VI 

mindimenaional  shock  front  velocity 

... 

on 

u 

r.nr.dni  ensional  peak  dvn*mic  pressure 

... 

PI'R 

T* 

r 

none! : rr.e n 9 mn.\l  peak  reflected  pressure 

... 

NOV 

V 

no nti i m r r. •  m r a  1  velocity  (or  internal 
c  ale  ulat  lur.t 

... 

P(l) 

l> 

» 

peak  incident  overpressure  value  1 

Pi 

1*!  H 

I 

k 

incident  specuu  irr.pulsc  values 

Pi-  * 

POllj 

Pn 

atntusphe ru  pressure  values 

Pi 

AO(T> 

J 

.1 

speed  ot  sound  values 

"  -i 

X 

X 

distance  ;><»m  front  of  ol.irct  to  .*1 

lira'll  n.ean  presented  area 

I! 

M 

n.'.nimui!',  transv**r$r  distance  or  rm-ar. 
pres c nt id  area  of  appurtenance 

11! 

CD 

C  , 

i ' 

drac  c  ueilu  ten: 

A 

A 

mean  presented  area 

MV 

7  M 

M 

n.ass  nt  ap;>»; r? ena  r.c e 

kil 

<; 

number  < » 1  pn  .  ajf  input  c«»n*.l»ir.at  ions 

number  < •  f  PO)  input  values 

H 

-- 

nunibtr  o(  HI  (I)  input  values 

... 

s 

r  urr.be  r  of  ND\’(I  l  input  a  l  ues 

PS'AR 

P 

nnndimen*  ional  peak  ir.r  iden*  pressure  lor 
a  particular  iteration 

T 

r-', 

total  duration  ot  blast  xau. 

1 

r» 

r 

n:  »nd  1  i”.c  r.  mi  1  ra  \  peak  reflected  iirrtsirc 
lot  a  particular  ?te  ration 

or 


tinal 

POOR  QV3A1JTY 
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TABLK  4D- 1.  (CONT’D) 


Pt  9  it  rim 

Va  nablc 

Va  r table 

De  lintt  ton 

QBAR 

Q 

nondinien  sional  dynamic  pressure  for 
a  particular  iteration 

l  BAR 

U 

mindinicn  sional  shock  front  velocity  for 
a  particular  iteration 

PR 

P 

r 

peak  reflected  pressure 

Q 

Q 

peak  dvnamic  pressure 

1  • 

U 

shock  tront  velocity 

'l 

T, 

time  cor  responding  to  occurrence  oi 
peak  rejected  pressure 

*  2 

T2 

time  corresponding  to  second  interaction  o: 
dufracted  and  dra^  phase  of  loading  curves 

n(t ,) 

dvnamic  pressure  at  time 

w 

c  r>j 

intermediate  calculation  tor  T  ^ 

T  1 

i 

i 

t«n  e  at  which  detracted  phase  oi  loading 
is  <ive-r 

APR 

mi«*  mediate  calculation  :or  1^ 

\C  LO 

: f  t «  rr  cilutr  cuhilatior  tor  I  ^ 

intern  rdiate  C4'u  jIjIimp.  'or  1^ 

: j 

.‘‘.tt-rr-  t-fliate  clh  jlatmn  tor  1^ 

lf  t'T!-  e<i’.»!e  •  4:t‘-|lut  ;  or.  !or 

ir-t'-r1-  *•  .  .».v  .!a!;.»r.  tor  1^ 

: 

i nt i-  r :*  i  <!:.iti  v  .lie  ilation  lor 

'  "A 

'  [• 

i  aii  il.it  .  .'  •  -r  ral  !  ^ 

\  ‘I.) 

I  'lll  i*1  -1  ie  d  4;tp';'!i  i.ai:i  r  i  i » c  it1. 

Win  <k) 

a  oh  u!a1«*it  iiiiuflm  i-tiMii'U  1  \  elm  >i\  V 

i  i  \  I  > 

1  nca I*  s  <  al  v  ) la t «•<!  V  n  tu  r  •  r  on  .  i  np  . t 

2  rt'dri!.  uii  hi;  .d  V  is  i..  .%  r  ir.u-jt  V 

) 


I 

I 


I 


TA»*U.  (r  CiNC  L7)) 


r  rm  rani 

V»4  y  V«_iuUI»  Daunt'  it»»  C  jilts 


VN.'fl>',(M,  ),  1,1 
XXI  KM,  J,  LI 
IM'IM.l.t.)  »' 

PIM(M.41D  I 

I'OOIM,  I,  1. 1  p 

AOOIM.J.l.)  a 

#• 

mm,  i.i. i  r 

XXIM.M.I  r 

I'hAUXO 

riAi'X 

("<XD 

l'l  x 


rnal  calc  ulai  ad  V  •  ■  ■ 

final  t  »li  uiaiad  V  m  1 a 

paah  tni'dan*  praaaurr  lor  •  particular  linal 
calruiatrd  V  ard  inpu1  *.a'*uaa  Ha 

ap'd!!*  tmpulaa  lor  pariiculai  ilnal  calcilat.d 

pod  input  vpl'JM  Ha-  « 

•'nmaplifrii  prakauf*  Ha 

af/*ad  i'i  aouMl  n  * 

nnndmiaiikinnal  pnaaurv  fur  particular 

ralrula'rd  V  and  mpui  |ia r»n.»i*r »  .  .. 


nondimana innal  uupvlaa  lur  particular 
<  al*.  iiU'Kd  V  and  iop.il  ut  i  an. i'i*  t  a 

•  ulirtnilina  varialrla  u»*d  in  .  nlatr  l> 

k'llirnuiinu  cariaMa  uk**d  in  .  aliu  lain  l< 

iiiliomii|i»  vanaMa  uarrt  In  tauula'a 

r ,  u .  »• 

f 

jiil/rini'wia  lanaMa  uiid  m  <  all  ula'r 

~  ,  O  .  I* 

r 


I’  iln  a'n  r«  **i  1 1  n .  1 1 1  *,l  ,  a|*  „la<nn  •• 


\NM)V 

•  XX  M 

*  *10 

mdii  al.a  ('  '  '  *.  '• 

a 

s  r.  ••  1 1 

■  XXII 

■  -  .* .  o 

H*dii  *ln  1  *  1  Inf  1  j  I 

:*'.Mr. 

*  .  in 

H.fjM  I'rl 

1'ipii  V  ti  firtiri  iliai*  inaai'iniii'  '  all  ulalad  V 

■ .  V  * .  1  r. 

-  .4.0 

in«ln  At#  « 

li. pin  V  la  laaa  tlian  it  initnu'n  •  alt  ulat.d  V 
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PROGRAM  NDAPvE  TR/7H  OPT»l 


FTN  <t,2«?*nes 


c 

c 

c 

c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


pbocrap  noapve ( input *output )  _ 


TmIS  PROGRA*  rntrf^IMTS  THE  COMBINATIONS  Cf  NONOHENSIONaL 
0IJ*M  1  TIES  .HtCH  M  LL  PROOl'Ct  A  SPECIFIED  NQNO  fT ‘S !  0 '•  U  vif.'t 
»OV  (NONCI"f  ■  SIC*Al  VELOCITY)  MW  VARIOUS  APPtiR  TE  *-'A  ‘*C  t  $  , 

NPiPvE  Ow  A-c-AR-wt  12  A  COrifc  kahE  OESIGfcATI\G— :,0\0I‘'iS*,;C-.AU 
appu^TEnanCE  VELOCITY, 


ni"f  051  y;  p«nc),iiPnni,  phf-  (S) ,  u*  (S)  ,03(s )  .phpoo  ,p~  ( 11 ! ,  ;0  c« ) , 
i p  ( s» ) , p  I  •;  so ) .  pr  ( i 11  >  * , *»o j , pp  t  ( i’p ,  ■* ,  s  0 )  ,poo  ;  l r .  * ,  '•  2 ) ,  a c ::  ( e ■.  , « ,  '1 1 ) , 
2*xce-).» ,  vi) ,  y  ,su).n  ,  ht  juo,**,  9  0 ) 

HUGER  G,«,S, v,F  HD 

«EAL  lf.HAL,,OV(<>0)  ,Nn0v(S0)  ,<V  0v(2n,t#SH) 

PE  A  D  IN  U'CVES  FOR  PSAR  VS,  H  AND 
FRAR  vs,  Ut'AR.OiiR,  PfURR 
PO  A  A1«PS»'Hf  RJC  PRESSURE 
AO  1  SPEED  OF  SCuNO 
C,  1  -  OBJECT  IN  AIR 

1  s  OpJtCT  G-.  GH'uWND 

p  s  PRESSURE 

pi  s  impulse  C - 

■  c  OIST.  FM*”  FROM  OF  OBJECT  TO  LOCATION  OF  LARGCST  MfVN 
t-r  pra-w->-pe-o-  area 

w  <  nau.i*  »RAVhV£R«E  CTO  ShOC*  h*V£  DI"ECT:CN)  OIST.M.C*  i? 

A.rir.A*lf..v  OF  t-AhGf-W  HE  A  N  PRESENTED  A«EA 
CO  s  DRAG  COEFFICIENT  .  .  ...  _ 

A  =  v£ A N  PRESENTED  AREA 

TY  s  OBJECT  ‘iSS 

ITT  :  VELOCITY  OF  APPURTENANCE 

rpy  r  CONSTANT  VALuE  F  OK  T  M  •  AO*  X  T  3/ (  t  PO«  A  5  C  C  •  H«  X  )  ) 

Cf;d  Ron,  CP‘i{I)feO(I)*I=l»ei) 

p{  AC  «0l ,  (  PH*!  ( I  )  ,UB(  I  5  »OH{  I  )  #PB«  (l)d  =  l|E) 

READ  l?n,G 

afiD  1PP,  (PO(I)#AU(l)»Isj,<l) 

F-FAD  i*o,v 

»t AO  1 10, (P( I ) , t *i» V) 

*E  *0  l*n,8 

PE  AO  l  30, (PI (I) » 

MEAD  1*0, S 

R  t  a  o  n  C  j  ,  {  •  !>  ,  C  n  /  1  s  1 1  s  ) 

310  P t  AP  1 10,  X,“,r.O,  A  ,  TM 
iru, to.fi.u)  GO  TO  3 0 i 

cn  u  p«i»s 
co  u  J*l»* 

oo  n  l*j  .  * 

oo  10  xsl.V 
F  1  *0l 1 

jj  p»AasP(K)/PS(.;; 

CALI-  P  AWA-'t*  (h  ,  P  ••.Afi,Pf»,*H  j 
TE  CUE r>  ‘-r-  T0  in 

T.-Pic. ) **  /(  (■>  )*E  l,o-f(l, n.EiP(-n)  j /B))J 
7 «  f;  -mi,  NT,  i,V  GO  Tu  MIS 
PGAi,Rr*,n*>"''t1fP*Pl.'AR»**,0/ll,n 
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PRClGRAP  N0-1PVL  74/74  OP  T  s  l 


FTN  4,2«7* 


< 


ceA«=s.r/?,o»ppR»»*?.o/ (?,p»PH4P) 
CtjARiStRT(l,0*b,n»PBAM/7,G) 

GO  TO  3^7 

90S  C»'.L  Pf.«li5P{PPAR.Ul>AR,ORAR.PBA«fi#PBB»U6#0B#PBR) 
lFC(JpiR.tr., 0,0}  GO  TO  30 
307  P»iPf-t&«*P0(J) 
a  =  Cfli!:*PCCJ} 

UsuP»-««AO(  J) 

Tl=X/0  _  - 

IFCG.f u.l )  GO  TO  3CB 

T?  =  4  ,P«H/t)4Tl  . . 

CO  TO  3 OR  _  . 

3n®  T2=?,r**/u«Ti  ...  _ 

3PR  COMI'.uf  .  .  .  . 

IF CT2,G7,T)  GO  TO  32 
CT?sO»Cl,0»T?/T)»*?,0»EXP(»B«T?/T) 

CDO:CO*<JT?/PR  ,  ...  . 

TL  =  (Te-COr..Tl)/UtO-COOi  _ .... 

AP  RsPR«TL/<?,0  _ _ 

ACt>0  =  CC*GT?«(TU-T2)/2,0  .  ..  .  . . 

flls(0.n/b}.(P,0/h«»2,0)«l,0  ..  _  _ 

tXPTT=Cr'«0*T»exP(«ti)/B  ....  ... 

3 I"tt3=l ,0-2,0/K  . 

txPTf’iCD*,;«T»CxP(*B*12/T)/H 

Tl»*£T?s(P.n«T2/T)-(e,P«Te/(H*T))-(T?/T}**P,n 
IGRALsCEXPT  3*  C  T  KET  3* *1  > ) « C  t  *P  1 2®  C  T  I*E  T?*Bl ) > 
XT3(«)-A/T««{APR*lGPAL-AtP0) 

<*f,Ov  (<)  sTi-  4An(j)»x1i(K)/,((A0(j)»A)-(G*««x)) 
lP(AbG(  (I  ovc^  )«'.A0V(K)  )/40V(»-)  )  tLt,  0,005)  CO  TO  lb 
I F  ( ».*rv  C  ►' ) .  L  T ,  Mf.U  v  (1))  GO  TO  17 

IFC4.ro,  1)  GO  TU  10  _  _ _  ..  .. 

JF(FJV0,E0,2)  Cl)  TO  13 

XP(N0VC“),GT,A<NDvt4))  GO  TO  10  _... 

FJM>*2  .  _  _ _ 

i»  PC4«nsPC4)  _  _ 

P(4)SP(4«l)A(P(4fl)-P(4»l))/e,0  _  . 

CO  TO  1?  ...  ...... 

13  JFCM-OVi*)tGT,NDV(*>>  CO  TO  14.  . 

PC4-1)  =  PC«)  .  _  . . -  .. 

P(4)SP<4.1)«(P<K*l)-P(lt.i))/e.O  .  .  . 

CO  TO  1?  .  _  .... 

10  CONTINUE  . 

«  =  V  _ _  _ _  .  .  ._ 

4lt»0vc«)=«3f  0  . . 

CO  TO  Jb  _ _  -  _ - 

17  4\DVC«)*»4,0  .  _ .  _ _ _ _  ... 

GO  TO  lb  ... _ _ _ _ 

30  4nDvC4)=*T3(4)a-1,0  _  ..  . 

CU  TO  lb  ...  .  _  ... 

32  4M0V C< ) s X T 3 C * ) s»2 , p  . . 

lb  **JNOVC*,  J,L)=fcf>DV  (4)  ... _ . 

1  .  XXTJC*’,J»l)'XT3(K)  ._.  _ _ 

_ PP("„M.)=P<«>  _ _ _  .  _ 

PPIC**,J,U=PICL)  _  .  ... 

_  POO  {**»  J ,L)aPPCJ5  _  .  .  _ _ 

AOOC*»,J,L)iAOC J)  ..  _.  .  .  _ 

TC«,J»l>=PC*><'t,OCJ)  _  - 
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.  V  «. 


noafvE  i*'7'  °P1S1 


PTk  <*,?“7“3?S  0^/u<‘/7S. 


>*<^J,L)=Cr.»Pni  >**'•>  l 

1J  CPNt  1  NUf 

PRINT  OUT  PE SUITS 
PP  I*  I ‘‘PULSE 
PP*PRESSl!«E 

XITISVELOEITT  OF  APPURTENANCE 
mint)  vs  *  >  T  J  r-i  ,  0  I‘.niCATFS  PP  ,5T,  k7*R 
NNNDVSXXT  1 4  ('1CATES  li  ,CT#T 

fjMM)  v  :  *  3 , 0  1*  DXC  —  Tt3  NDV{11)  «0T  ,  NNOVfV) 
NNNOVS-T.F.  indicates  NOv  ("1  ,CT,  **DV(1> 
Y*NCND I MEN5 l L"  '-L  PP(  SSUPE 
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ANALYSES  FOR  FRAGMENT  TRAJECTORIES 

Analysis  for  Obtaining  Fragment  Range  and  Terminal 

Velocities  for  Disc -Shaped  Fragments 

f" 

List  of  Variables 

A 

- 

planform  area  - 

iK 

l 

AP 

- 

2 

projected  area  -  m 

}. 

v  . 

AR 

- 

disc  aspect  ra*io  (diameter /thickness) 

C 

- 

chord  or  width  of  rotor  blade  -  m 

C  D 

- 

drag  coefficient 

• 

CL 

- 

lift  coefficient 

f 

C 

D 

P 

- 

profile  drag  -  N 

I 

- 

mass  moment  of  inertia  of  rotor 

L 

- 

lift  -  N 

M 

- 

mass  -  kg 

Q 

- 

torque  -  N-m 

k 

R 

- 

radius  of  rotor 

T 

- 

thrust  -  N 

\ 

V 

c 

- 

rotor  blade  velocity  along  rotational  axis 

V 

i 

- 

initial  velocity  of  frasment 

* 

V 

♦ 

- 

tip  velocity  of  rotor 

i 

* 

V 

induced  velocity  from  thrust 

r 

in 

• 

r 

X 

- 

range  -  m 

J 

f‘ 

? 

4E- 1 

r 

1 


List  of  Variables  (C  ...  - 

-  '  -  -  m  m  »  »v  "  ~t  - 


Y 

X 

• 

Y 

•  • 
X 

•  » 

Y 

& 

b 

d 


ry 

e> 

r 


t 

At 


or 

a 

i 

P 

e 


u 


w..::ude  -  m 
horizontal  velocity 
vertical  velocity 
horizontal  acceleration 
vertical  acceleration 
airfoil  curve  slope 
number  of  rotor  blades 
disc  diameter 
acceleration  of  gravity 
disc  radius 
disc  thickness 
time  increment 
trajectory  angle  -  rad 
initial  trajectory  angle  -  rad 
density  of  air  -  kg/m^ 
angle  of  attack  of  disc  -  rad 
angular  velocity  -  rad /sec 


The  range  of  disc -shaped  flying  fragments  from  an  explosion  was 
determined  from  the  fragment  accelerations  due  to  lift  and  drag  forces. 
The  forces  acting  on  the  particle  are  as  follows: 
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The  acceleration  in  the  Y  direction  is: 

AC  p(X2+Y2)  AC  P(X2+Y2) 

Y  =  -g - -  ,in°  +  - U -  coso  (4E‘l) 

and  for  the  X  direction 

•  2  •  2  *2*2 
AC  p(X  +  Y  )  AC  P  (X  +  Y  ) 

X  =  -  - 2KI -  cos<> - M -  8in  °  (4E*2) 

where 


A  =  area  of  fragment 
C^  =  drag  coefficient 
C  =  lift  coefficient 

L 

At  t  =  0 

X  =  V.  cos  a.  (4E-3) 

i  l 

Y  -  V.  sin  a.  (4E-4) 

i  l 

where 

V  =  initial  velocity 

a  .  =  initial  trajectory  angle 

It  is  assumed  that  the  fragment  is  spinning  about  its  Y  axis.  This 
motion  gives  the  required  stability  for  flight  and  allows  the  fragment  to 
maintain  a  constant  angle  with  respect  to  the  relative  wind. 


4E-  3 


A  complete  program  (FRISB)  wi$  written  to  determine  the  particle 
trajectory  from  these .equations..  The  second  order  differential  equations 
were  solved  simultaneously  using  a  fourth  order  Runge-Kutta  method. 
These  solutions  gave  the  velocities, which  were  then  numerically  integrated 
to  yield  the  distances. 

The  lift  coefficient  based  on  the  planform  area  was  determined 

from 


C  =1.82  tan  (8)  (see  Reference  1)  (4E-5) 

L 

which  is  valid  for  a  "thin"  circular  wing.  It  was  assumed  that  the  particle 
retained  a  constant  angle  of  attac..  throughout  the  flight,  which  resulted  in 
a  constant  lift  coefficient.  The  maximum  lift  coefficient  would  be  for  ap¬ 
proximately  a  10*  angle  of  attack.  Larger  angles  would  result  in  stall  or 
total  loss  of  lift.  Using  8  =  10*  in  Equation  (4E-5),  C.  =  0.32. 

The  drag  coefficient  was  chosen  from  Hoerner2  for  a  fragment  with 
a  rectangular  cross  section 


t 


J 

I 


3 


For  a  "thin"  disc  or  d/t  >  3  ,  the  drag  coefficient  based  on  the  pro¬ 
jected  area  is  constant  at  0.  85. 

As  can  be  seen  b-  a  -.jng  Equations  (4E- l)  through  (4E  A),  the 
trajectory  ot  a  fragment  is  governed  by  a  number  of  dependent  and  inde¬ 
pendent  variables.  The  dependent  variables  are  displacements  X  and  V  : 
tlv  independent  variable  list  include:;  a(  ,  Vj  ,  M  ,  A  .  and  AP  .  To  con- 
^'ruc,  a  useful  system  of  graphs,  a  spectrum  of  values  for  the  ir»upen<ii-'' 
variables  was  input  to  FRISB,  whu  i.  ;avo  the  fliehl  t  ra  :ect  o  r:  e  -  . 

The  input  data  were  selected  by  assuming  a  disc  aspect  rat-.o 

AR  =  -  (4  E- (>) 


and  values  of  fragment  mass  and  density.  The  mass  is  expressed  as 


M 


2 

it  r  t  p 


AR 


4E-4 


(4E-T) 


’IT" 


I 


c 

c 


and 


/  M  AR  \ 
\  2  v  a  ) 


1/3 


(4E-8) 


<  ’ 


£•; 


Now  the  planlorm  or  lift  area  is  given  as 

,2/3 

<P 


The  projected  or  drag  area  is 
AP  =  dt 


(4E-9) 


(4E-10) 


where  d  .8  calculated  from  Equation  (4E-8),  and  t  is  determined  from 
Equation  (4E-6)  for  a  given  value  of  AR  .  The  independent  variables  used 
in  various  computer  runs  are  shown  in  Table  4-1  of  the  text.  The  results 
of  these  runs  are  plotted  in  Figures  4-27  through  4-36  of  the  text.  The 
graph  shows  the  maximum  range  of  the  fragment  versus  the  initial  trajec¬ 
tory  angle.  For  a  given  velocity  and  aspect  ratio,  a  family  of  curves  is 
shown  for  various  values  of  M/A.  For  several  cases  the  lift  force  would 
act  to  pull  the  fragment  up  into  a  completely  vertic_l  flight.  When  this 
occurred,  it  was  assumed  that  the  fragment  became  unstable  and  fell 
straight  to  the  ground.  This  phenomenon  generally  occurred  for  relatively 
high  initial  velocities  and/or  trajectory  angles.  A  line  has  been  drawn  on 
Figures  4-28  through  4-35  to  depict  this  occurrence.  All  points  to  the 
right  of  the  line  represent  a  "normal"  flight,  and  those  to  the  left  are  for 
the  fragments  that  attained  a  vertical  flight. 

The  value  300  m/s  (938  ft/s)  was  used  as  a  maximum  initial  velocity 
for  the  test  cases.  This  velocity  is  very  close  to  Mach  1  for  STP  conditions, 
and  velocities  above  this  would  result  in  the  need  for  a  more  complex  aero¬ 
dynamic  analysis.  The  FRISB  code  would  most  likely  predict  larger  ranges 
than  would  actually  occur  at  higher  velocities  due  to  the  increased  drag  at 
supersonic  speeds.  Therefore,  for  the  purpose  of  estimation,  the  results 
from  FRISB  could  be  used  for  higher  velocities. 

Some  fragn.ents  may  not  be  disc  or  spherical  shaped,  but  long  and 
thin  as  a  helicopter  blade.  The  disc  analysis  is  not  valid  for  such  a  frag¬ 
ment  because  of  the  differing  mechanisms  of  flight.  The  disc  depends  upon 
the  forward  motion  to  generate  lift,  where  a  whirling  blade  would  generate 
most  of  its  lift  from  the  thrust  due  to  the  whirling  motion,  much  the  same 
as  a  helicopter  rotor  blade.  Due  to  the  possible  need  for  such  an  analysis, 
the  FRISB  code  was  adapted  with  a  subprogram  to  compute  the  trajectory 
of  a  fragment  that  flies,  such  as  a  helicopter  rotor  blade.  The  fragment 
geometry  is  as  follows: 


4E-5 


in 


Vc  •  velocity  at  which  blade  moves 
along  vertical  axis 

vin  •  velocity  induced  by  thrust  of  blade 
a  •  pitch  or  trajectory  angle 
Vt  •  tip  speed  -  Ru 


The  induced  velocity  it  obtained  from  (see  Reference  3): 


V.  =  V 
in  t 


!  a  1 


.  V 

be  c 

y  16irR  2  V 


a  b  c  a 


a  b  c  V 


16  *R  2  V 


8  ttR  8  itR  V 


t 


The  thr  ift  is  determined  by 


(4E-11) 


1  _  ,2  b  c  R 

T  =  —  C  V  p - 

2  E  t  M  g 


(4E-12) 


The  acceleration  in  the  y  direction  due  to  the  thruat  is 


Y  = 


j_ '  vif ) co,a- e>l  +  (li^),ino  J  ] 


1/2 


(4E-I3) 


The  change  in  vertical  velocity  is 


4L-  . 


AV  =  YAt 
c 


(4E-14) 


The  torque  produced  by  the  rotating  biade  it 


Q  =  \  — 


T (V  V  V.  ) 
c  in 


+  D  U 

p  ; 


(4K-IS) 


when-  D  is  :hc  profile  drag,  which  is  given  by: 

,  v,2ch 

D  T  |)  C.  — - 

p  i  D  g 


mi:-  lb) 


The  change  in  angular  rotation  it 


-  Aw  = 


/4E-17) 


where  I  it  the  matt  moment  of  inertia  of  the  blade. 


f  0 


A  fragment  flying  in  thia  fathion  would  eventually  lot*  itt  angular 
velocity  due  to  drag  and  thut  lote  itt  lift.  Thit  procedure  differ  a  from 
that  for  a  diec  in  that  it  attvmet  that  the  lift  force  comet  from  the  rotation 
of  the  fragment  and  not  the  fragment  forward  motion.  The  drag  due  to  the 
forward  motion  of  the  fragment  blade  it  ronaidered  when  the  computation 
it  returned  from  the  tubroutine  to  the  main  program. 


Input  Data 


lot  data  card 


NN  -  number  of  teat  runt  included  in  data  check 


2nd  data  card 


I>.  -  number  of  differential  equation#  to  be  solved  by 
Ru.ige-Kutta  «  2 


X  -  initial  timo  -  0.  0 


H  -  Time  increment  (0,  1  eec  it  utually  auf/icient) 

*  Z 

AP  -  projected  area  and  drag  area  -  m 


OFER  -  1  for  diec  -  2  for  rotor  blade 


If  rotor  subprogram  is  used,  this  is  read  in  ae  anything  because  it  will 
not  be  used. 


4L-7 


3rd  data  card 


4th  diti  card 
(only  if  using 
rotor  Analysts) 


RO  -  dsnslty  of  sir  »  ht/m^ 

A  -  lift  ArsA  (planferm)  •  m* 

CL  •  lift  coefficient 
CD  >  drag  coefficient 
AAIAA9  -  irsfinrnt  mass  -  kg 
ALPKAO  -  inltlA)  trajectory  angle  »  rad 
VO  •  Initial  fragment  velocity  «  rn/s 
0  •  acceleration  of  gravity  >  m/e* 

EMJLCJA  *  angular  velocity  -  rad/s 
A  *  radius  of  blade  •  m 

ASLF  '  lift  curve  slops  of  rotor  airfoil  ►  2 1* 

C  "  chord  or  width  of  rotor 

B  •  nuntbor  of  rotor  blades  •  2 

EMI  -  mass  moment  of  Inertia  *  N-e*-m 


4K-* 


I 


i 

I 

■>■1  . 


I 


I 
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PROGRAM  FRISB  (  INPUT,  OUTPUT,  TAPES  *  OUTPUT) 


inti  PROGRAM  SOLVES  THE  SECONO  ORDER  DIFFERENTIAL  EQUATIONS  THAT 
GOVERN  The  TRAJECTORY  Of  AN  EXPLOSION  FRAGMENT.  THE  SECONO  ORDER 
EQUATIONS  ARE  ARITTEN  AS  FIRST  ORDER  AND  SOLVED  BY  RUNGE  HUTTA 
TECmnioues,  The  SOLUTIONS  ARE  THEN  INTEGRATED  TO  OBTAIN  tmE  FRAGMENT 
TRAJECTORY,  . .  _ _ _ _  . 

THE  INPUT  VARIABLES  aR£j  X.INItUl  TIME,-  n-numbER  OF  EQUATIONS," 
RO'AJR  DENSITY,  a-FSaGmenT  PLANFOBm  a«EA,CL-L1FT  COEFUC IENT  ,  CO-DRAG 
COEFFICIENT ,amASS*PaRT ICLE  m*$S,alPhaO-1nITAL  TRAJECTORY  ANGLE, 

vo-injtial  velocity, theta-angle  of  attach, h-ti“E  increment,  ap-PROJEC 
AREA,  OPtR-SIGNALS  USE  OF  ROTOR  $UMROUTINE,  OPER*l-OI5C,OPERs2-ROTOR 


DIMENSION  Y(i1,F {B),AA(2),BB(F),OSUMYCIOOO),OSUMX(loOO),DXDOT(B). 

integer  oper  _ _  _ _  . 

READ  IS , NN  _ _ _ _ 

DO  RAN  K*J,NN  _ _ _ _ 

READ  RR,N,X,m,AP,OPER" 


It  A 


.  .  I 


■E»D  l<JO,RO,A,CL,Cn,A-AS3,ALPMAO,VO,G  .. 
IF (GPER.nC • ?  JGD  TO  SI* 

READ  aoOQ,EMfGA,R,A5LP,C,8,£*I _ 

CONTINUE  .  _  . .  . 


.  PRINT 

10  V 

PRINT 

111, 

CL, CD  . 

.  PRINT 

llk_  - 

PRINT 

Ill, 

APASS  . 

PRINT 

iifc 

...  PRINT 

ai, 

A. _ 

PRINT 

nk 

PRINT 

lit. 

ALPMAO 

-  .  PRINT 

m 

.  PRINT 

us. 

VO  .  _ _ 

PNIN7 

ilk 

PRINT 

m, 

.H  ..  . 

FRJNT 

Ilk 

_  _  _ 

PRINT 

110 

PRINT 

Ilk 

. . .  . 

CONTINUE  - 

LL*0—  _ 

1*9  .  _  - 

YC  »  0,.  . 
ALPMA*ALPHA0. 
NT«0  . 
SUMY*0,0  .. 
suMx*o,o  . 

1CNT  »  fl  . 


_ rm*o.o  -  - - - 

Y  £11*0,0  _  .  . 

IT  CONTINUE  .  . 

ICNT  ■  ICNT  ♦  1 
r00T*Y(l)  ♦  VO'SINIALPMAO) 
IF(OFER,CO,I)yoot  *  Yf»or  ♦  VC«COSCALPMA) 
XDOT*Y(IJ  ♦  V0*C0S ( ALPHAOl 


4  E-  9 


I 


I 


I 

1 


IF  (0PER.EQ.2 )*00TsX00T«VC*5lN(ALPMA^  _ 

ClOOTfP  s  XDOT  '  "*■**  "  ‘  --  -- 

DALPha  a  ATAN(yOOT/xDOT ) 

*LPh*  *  Oalpha  _  _ _ _ 

IF{AU»HA,CT,1.S5  CO  to’  M»  _ _ 

!F(AL»HAtLT,-l,«)  f.o  TO  MV _ ; _ _ _ 

IF  (OpCw , ■'•F  ,2)  CO  TO  320  _ _ 

C  ALL  «?TCo(f  ►'EG»fR1CUiCO,  A(.P«AO,ASLP#C#B#EMI,RO,VC,DvC,H,C,  AMASS,  A 

1LP*») _ _ _ _ 

350  CONTINUE  _ _ _ _ 

__  AA(1)  *  TCI) _ _ _ _ _ _  _ . 

_  h<7 c i J  =  t(?)  _  _  _ : _ 

9£TA  a  ,S*»n»*p*CD/iMASS _ 

Ci-  a  ,<,.wn«A.CL/*!"*SS _ _ _ 

_ IF UP£p.EU.2)Ca*  *  0.0 _ ...  .. 

22  continue  .  . . . .  . . . . 

YSPIS  =  Y<1)»*2  ♦  Y(2)**2.*  2*Y(l)*VG*81N( At pH AO).  ♦  2« Y ( 2) • VO»COS ( 

_  SALPMAO)  *  V0«*2  _  _  _  _  _  .  _ _ 

Ftl)  a  -G  -  BETA«(YSP*S)*SlN(At.PHA)  ♦  Cam.  (YSPIS)  •CtJSUl.P** )  _ 

_  Ff2)  a  -9f Ya.(YSP*SI«COS(AUPmAJ  »G AM. { YSP XS ) *5 I* ( ALPHA)  .  _  _ 

_ 5  *  MLDE9(M.Y,F,X,H,NT) _ _ _ _ 

_ SS  =  5-1.0  .  _ _ _ 

IF (53. EO, 0,0)00  TO  22 _  _ 

_ _  A  A  (  ?  )  =  Y(H _ 

_  96(2)  a  v<?)  _ _ _ 

_  YDUTstri)  ♦  vO*S1N(ALPMAO)  _ _  .  _ 

_  IF(0PEP.EG,2)T00T  a  YOOT  •  VCCOSULPHA) _ 

Xn-ITSYC?)  ♦  VO.COS(ALPMAO)  _ _ 

IF  (0PE«.[r:.2)x0OTax00T.vC«SIN(ALPHA) _ _ 

_  0x001(2)  =  XC3T  _ _  _ _ 

imx.ge.o.s)  co  to.u  ... _ 

11  CONTINUE  .  .  . . 

DISY  a  (11(1)  ♦  (  A  A  l  ?  )  •  AAU))/2,).M  »VO*3lN(AtPMAO)«M 
OISX  a  (Hh(i)  ♦  (9R(2)-  Rt*  ( 1 )  )  X2,  )  •"  ♦  V0«COS( tLpHAO) »M  _ 

IF (OP£R,t  0,2)0 1 SY  a  DISY  ♦  OVC»H_  _ 

$i;*»y  =  Sjmy  ♦  0 1 S y  .  . _ _  _ 

sy*x  *  syx  ♦  oisx  _ 


b 


J 


M7 


3901 


LL-'LL  Yl 

L  L  *  0 

C  **!  T  1  >’U£ 


1  =  1*1 

■  a  vyY 

0  ~  •  x  I  :  )  a  S  *J  **  X 

-a ;  •  :  i<* i,  < ,  j.  -  y  Yr>p7,xom , alpha 

:  -  -  a  T  •  '  « ,  •  1  r ,  P  ,  j  ,  1  n  ,  ,  j  ,  f  i  n  ,  3 , 1 0  X  ,  F  J  0 , 3 , 1  n  X  ,  f  J  C  ,  1 ,  !  'i  .  ,  F  1  i: 

rr  t  i 

!•'  ;f.'r»,LY,M  uo  to  qa? 


;;  ,3  jmy.s:  }oc  tc  2* 

C.C-.T  !f  of 

l'l  a  ALC'iOCSyx) 

•'MX  '5H’-X/ I  ]  T*  1  *1 )  3  ♦  1 

("ii  a  I  :i 

CALL  EXI  vAL(ii'^uY,lC>lI,Y*'AX,OMlh) 
Pc  I *'T  3001 
FO«-'AT(  IHj  ) 

CALL  PLOT! (2,2) 

CALL  PLOT?CX*AX,0,,Yf*«X,0,) 

CALL  PLOUU«X,DSUMX,nsu"Y,I) 


1) 
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I 


•  ) 


j 

i 


CAUL  fL0T*(0/D,lH  J  .  _  _ _  __ 

NM  CONTINUE 

*s  tawkuni)) 

...  10S  FPN-ATIff  10. b) _ i _ 

10b  ro«>*TU*<i)  ...  .  _ _ _ .  . 

U0  iFX,*Tl"E«,ie*,»T  0I5^L*C£HENT*/bK,«I  0l8*LACC*l,fNT*,«X,*t  Vl 

.  .  «laCIlT«tllX.*X  VfUOClTT»#l<*#«At^HA«J  . .  ...  . 

...  m  o* # - t i**c  jNr*f*£Nt  »  arc*)  .  .  _  _ 

_ iic-  Fo«“»TU9***uir r  coefficient  •  »#f io,iaox,«o**c  coefficient  >.*,r 

-  *io,*>  -  .  . .  . . — _ _  _  ... 

J.J  FO^ATUOKr-lMTlAL  MSI  »  *,f  10,b,«KCO  .  _  _ _ 

.  l«»  fO#,>AT(10f T*AJ£CT0«T  AbCtE  •«.£ l0,»,**A0lAN*O _ _ 

..  .115  fonmt (io», •initial  velocity  *  •  ,no,»,**,mc«>> _ _ 

_ lib  »0»“AT(1HO)  .  ..  _ _ _ 

*b3  fO^ATUCV^fMCKENT  ASIA  *.  • ,  f  10.*#  *10,  »EUM*J _ _  . 

_ 1000  FO«MtlbF  10. S) _ _ _ _ _ _ 

NN  FOtNATCUo,  JfJO.b.llO) . . . . . 

_  8T0F _ 

_ £*0 _ _ 


{  . 
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I 


I 


..c 

.c 
’  c 


tllMOUTINC  PLOT  t  (Nvl, nh#) 
CO«KON/6«*PHt/POIHT(,*l,101J#CH 


INPUT  ••••••**. 


_ NVl  ■  NO,  OF  Vt*TIC*L  6*10  LINA*  A-UIT  to.  11,  b,  I,  0  on _  . 

.  NH»  a  NO'. or  HOPlZDNUt  0*1,0  UNIS  <Ny|T  CO,  1,1,  OK  I) _ 


Th||  If  A  FOKTKAM  PKOCKAM  dhICH  lUUDl  A  PLOT  SI  10  FOK  A  PRJNTe*-PLOT 
THt.F0U.0MSC  PKOOAMI  HAVl  TO  OC  USED  IN  CONJUNCTION  PITH  TNI*  MOPA> 

.  .  A  IUO*OUTlNt  PLOTI  . .. _ _ 

I  lUMOUTINC  PLOTS . .  .  _  .  _ _ _  - 

.  .  .  C  luHOUTINE  PLOTS _ _ 


..  .  *L. »  IN _ 

..  VC  ■ -INI _ _ _ _ 

.  "C  •  AN* _ _ _ _ _ 

C  •  IM»  ...  - - 

•LAN*  out  T*c  PLOT  A*CA _ 

00  1  1*1,11  .  -  - - 

DO  A  J *  A ,  1 0  A  ..  - - - - 

A  POINT ( I , J)  a  *L  _ _ _ _ 

DCTC*NINC  Ttri  OF  ONJO  TO  It  UltO _ 

.  J*  *  10n/{NV*  •  U  .  ...  _ _ _ _ _. 

.  I*  a  '0/(«HS  •  A)  ...  _ 

flUllD  TNf  HORIZONTAL  0*10. LINES _ _  _ _ 

00  3  !•! •*  A, II  _ _ 

OP  3  JaiiAOt  .  _ _ _ _ 

.  POInT(I,J)*NC  ..  .  .  -  _  —  .  - 

•■SILO  T"l  VfcNTICAL  0*10  LINCI,  AND  PUT.  CHAKACTC*  AT  1NTC*IICT1NC 

POINT!...  _ _ _ _ _ 

00  I  Jai ,  AOA,  JS - - - - 

. .00  I  1 1 1 , 1 A  .  .  _ _ _ _ _ _ 

...  IF  (POINT  C 1 ,  J)  .tN,  MC)  00  TO  S _ _ _ _ 

POINT (I, J)  a  VC  ....  _  _ _ _ 

00  TO  J  - -  ...  ....  _ _ - 

a  POINT  ( 1  #  J)  *  C._  . . .  . .  .  .. 

I  CONTINUE 

TUT  CHARACTER  At  t*CH  TfNTN  IPOT  OF  TMl  PE*1MF  TCP  OF  TmC  CUD  . 

-  .00  »  Jal ,  101,10  .  _ _  .  . . . . 

...  00  *.!•!, al,*0  .  .  _ 

t  POINT (1, J)  »  C  _  .  - 

...  00  b  1*11,11,10  - 

00  b  J»i, AOA, ADO  -  . . . 

b  POINT ( I , J)  *  C  .  - - 

NATUKN  .  _  _  . 

..  .  tNO  . 


41;  - 1 Z 


I 


I 


1 

I 


.  V  . 


t 


< 

4 


4 


FUNCTION  R«LOFO(N,y,F,*,N,NT) 

i.  02  UC  JO  BKLDEQ  ®UNG£-*uT’».C!LL  LINEAR  OIEf ERCNTUL  EQUATION  SOLVER 

_C _ 02  UCSD  RKLOtO  _ _  _ _  __i=.-r=- 

C  ♦'ODIF.EO  nay  IRbl  (0  REMOVED  F HO**  CALLING  SEQUENCE). _ 

C _  TCSt  OF  ALGOL  ALCORIT** _ _ _ 

oi-ens:on  Y(iO).Fao).oao) 

C _ REAL  X, "—INTEGER. N,NT--CO"NtNT«*#UlN  INTEGER  t#J,L-«E*L  A  . 

NT*NT*I.  _ _ _ _ _ 

_  CO  TO  (It ?<)#*). NT _  _ 

.  C  ...  .  GO  TO  SINT) _ _ _ 

1  00  H  J  *  1  #  N _ _ _ 

U  0(J)»0,  . . •- _ _ _ _ 

.  *  Al,(<(M)(llil -  - - -  - - - 

r~..  1*1,  T07 100112  — - _ _H__ - ... ~ in  -J _ _ 

_ .V..  00  T1  1*1. N  - -  _  - - 

.  _U  -  T(IJ*T(I)»N*F(l)/kt»Q(l)/J»  __ - - 

. .  NT  *0 _  _  _ —  _ _ 

nm  co  to  >  .* ~.7nzrr.'~irr77- 

.  -  S  .  00  51  L»1.N  -  -  -  ..  • - - -  . 

_ _ Y(l)RYCL)*A»(H*FCU*0(L>)  -  _ _ 

__tl  ..  0(L)*2.*A«H*F (L]*(l.a)i*A}*0(L) _ 

_  ...  R«L0£Q*1. _ _  _  _ _ 

.  k  .  CONTINUE  _  _. _  _  .  ...  .  .  _ _  _  ... 

hit.  eno _ ii'  tzt.tt  tit  t.  i  n  r  riT .  i 
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SPROUT  I  ME  ROTOR  (EM£C*,R,CL»CO,  AlPHAO,A$(.P,Cf  B,  E*l,R0,VC.0vC,M,5,  t 
1*USS.»LPH  A) 

VT  «  E-ECi^R  ”  •  "7-  ■  ~- 

VA  *  VT/2.  _  _ 

on  «  *SLP«e*c/(}.m?»R) 

VI  *  VT«t-00/lb,  -  VC/ t  ?« • VT )  t  UDD/lb,  ♦  VC/ t Vt) ) »»2 , ♦ IDO«ALPm 
iAQ)/8.  -  e0O»VC)/(B.*VT))*«.S)  .  .. 

T  =  ,5«CL*(Vft»*?J»R0*S«C*R/C 

ACC  s  ;'{T*0/*‘',*$S)  »COS  t ALP**) "G)**?  4  (  (T*C/AF.AS$)*SIN(  AVPHA)  )  • 

OP  s  ,5«RO*CD4(vs»4?)4,0032^G 

0  e  t  T • ( ( VC  ♦  Vl)/v»J  ♦  OP  )«R  . 

OmEGA  «  0*m/£mj 

£«fC.&  *  EPEG*  -  D“EC*  .... 

VC  =  *CC«H  . 

.  Ovt  t  VC  •  22  ....  - - - 

..  PRINT  ni«EkEG*.vC.T,0 

HI  Format (5X,*E“EC*  *«,Flo,E,SX,«VC*»#PiO,V,SX#«T*4,FiO»»,5x,»Ci*»,FlO 

/.A)  _  .  .  .  ...  -  -  - 

or*-  •  . . . . . . . . 

c*U  .  _  ..  _  -  .  .  _ _ _ 


I 


!r— -A-'-r- 


.  V 


T 


c 


SUBROUTINE  R10TMXHAX,XHIN,Ynax,tnIN) 
C0nnon/C«»RH1/X(100)«T(1O0).XP,XL»tF,TL*NRTB 

.c _ 

c  •••••••*. input  •••••••• _ 

Ic—  5n  «  XL  «  THE- N aY,~ "SC ITe  VALUE >OR‘TME~xr*xTj~ 

C _  ININ  *  XF  *  THE  H|N,  SCALE  value  FOR  THE  X-AXIS _ 

_C _  THAX  *  VL  *  THE  h*x,  SCALE  value  for  The  V- AXIS _ 

_C _ THIN_«_TF.  *.ThE_n1N,  SCALE  value  FOR  ThE.T-AXIS _ 


C. 

C 

c 

c 


THIS  IS  A  FORTRAN  RROCRAH  which  SETS  .THE  plot. sc ale _ 


.XL  •  JtHAX _ 

XF  •  XMIN  _ 

JTL-F- VMAX _ 

-TP-  « -YUEN _ 

RETURN. 

EnO_. 


c 


#3*5®** 
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SUBROUTINE  BLOT  3 (Char, xaray,yaray,n) 

DIMENSION  IARAY(*PO),YARay(*00) 
_COx**O*</CR»PMi/xaO0)#Y{i00).XF#*L.Tf,YL#NBT». 
-_C0H"0N/GRAPrie/R0lNmi,101)»CM  _ 


INBUT 


__C  . .  CHAR  ■  BLOT  CHARACTER  TO  BE  USED  . . . 

_ C _ XARAY  »  VALUES  OF  X  TO  BLOT _ 

_ C _ YARAT  *  VALUES  OF  Y  TO  BLOT  ...  ...  _  _ _  _  _ 

_ C _ « _ •  NO,  OF  BOINTS  (OR  DIMENSION  OF  XARAR.  AND  YARAY1TO  BLOT _ 

— C _ IF  ,CT,  100  THE  ARRAY  hill  be  scaled  to  ,LE,  100  _ _ 

ITc~THIS  IS.  a  FORTRAN- BROGRAH  hhICH  SCALESARRaYS  T0~6fc  BLOTTED, 


■  _0 

_  CH  «  Char _ 

ISTEP  *  N/100  ♦  1. 
.00  l  I»1,N,IST|B_ 


_ X(J)  *  XARAY(I) _ 

-.1  Y(J>  «  YARAtCIl _ 

_ NBT3  «.J _ 

.  CALL  BLOT _ 

-  ..  RETURN _ 

- End _ 


1 


i  ~ — .  . - 


SUBROUTINE  PLOT 

C0"N0N/6»AP*l/*tl0n).Y(  iOOl.XF.XL.YF.TL.N 

_ X0»*"0Nf6RAPN*FPOINT(11»101)iCM _ 

CO«*ON/GRAPM)/5(U>.m) _ 

Cl*lM  - - 

C2*lM  . - _  _ 


...  _ _ _ _ _  .  _ 

Cl*lH.  . . .  . 

C1*1H*  .  .  _ _ 

...  «OLD  t  102 _ 

LOLD  «  12  _ _ . 

IF  (XL  ,E0.  XF)R£TUBN  _ 

......  IF  ( YL  ,F0.  YF 1RETURN _ 

*  •  100. /(XL  -  XF)_ _ ! _ 

B  «  *0,/(YL  -  YF)  _  _ 

0*  •  (XL  •  XFJ/10.0  ..  ..  .  .  . . .  . 

_ OY  «  (YL.*  YF)/1,0  _ 

..  SCI)  ■-XF _ 

_  TCI).*  YF - 

...  .  oo  k  i«i,io _ : _ 

_ b  sc  1*1)  »  sm.i.ox _ 

—  00  bl  1*1.1 - - 

.  bl  T c 1*1)  «  TCI)  ♦.  OY _ 

_  DO  10  1*1. N  _ 

_ «  *  {X(ll..*  XF  )  •  A  ♦  l.s  _ _ _ 

.  _ L  *  10.0  •  (Y(l)  •  VF)«e.t  l.S _ 

_ IF (x  _ ,GT ,  101)60  TO  10 _ 

_ IF (L  .LT.  0160  TO  10 _ 

_ IF  CL  .61,  .11)60  TO  10 _ 

IF (X  ,£Q, . XOL0160 .TO  11 _ 

_ 60  TO  12 _ _ 

.  .11  IF (L  .CO.  LOLO)  60.10.10 _ 

_  12  *OLD  a  x _ _ 


LOLO  «  L . . . . 

_ IF (POINT (L.Kl.MC.Cl.AND. POINT (L#X) ,NE.C2.AND,P01NT(L.X) ,NE. 

_ S  C 1, *ND,POINT (L, X) ,N£ ,Cl)GO  TQ..1  _ _ _ _ 

. POINT'L.XI  .*  CM _ _ _ _ _ _ 

_  60  TO  10  _  _ _ _ _ ... 

_.  1.  CONTINUE _  _ _ _ 

point  (l«ki*cs _ _ _ 

. .  10  CONTINUE. _ _ _ 

_ RETURN _ _ _ _ _ 


«^S*3!S5 
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SUBROUTINE  PLOT* (NCY.nCx, LABEL) 
CONHON/GRARmi/X  ClOOS»^tlOO)#*f**C*’Tf*'TL#N 

CO*'"»ON2GR*pw2/P01NT<h1,101),CH - 

'C0““0N/CRAR>i3/3(il}.T{$) - 

DIMENSION .LABEL(lb) _ 


_ c _ NCY.  »  SWITCH  indicating  y-a*is  caption — 

0,  NO  CAPTION  _ 


-INPUT. 


NCX  * 


1,  UP  TO  12  BCD  CHARACTERS  IN  TITLE  .  - 

SWITCH  INDICATING  x«A*13  CAPTION  ...  -  —  . 

Ot  NO  CAPTION  - .  - 

lj  UP  TO  72  SCO  CHARACTERS  TO  81  PRINTED  AS  1  HEADING 
ABOVE  THE  PLOT  .  AND  UP  TO  72  BCO  CHARACTERS  TO  BE  PRINTED 
ON  A  LINE  BELOW  Th£  PLOT  -  -  -  -  - 


THIS  IS  i' FORTRAN  PPOGRAH  whIch  PRINTS  RHfc  PLOTS#  CAPTIONa  AND  SCALES 
OF. ThE  DESIRED  GRAPHS  -  -  - 


IF(NCX  .EQ.  0)  GO  TO  1  _  .  .... - 

PPINT  101.<LA8EL{!X).IX*3,1R)  .  _  -  -  - 

F0R“*TUmi,  /,2BX»>*H»»*  ,l2Ak,lX#3H«**f //) - 

DO  *0  1*1.  IS  -  - . . 

IF(“0DCI.10)  ,E2.  1)  CO  TO  *,S. - - 

PRINT  llO,(POINT(:,J)#jn.iiU) - 

FORhaTCSOX,  101A1) _ 

GO  TO  YD  .  .  .  .  . - - - - 

INOX  *  »  -  (I'U)/10  -  -  - 

PRINT  180.TCINDX) , (POINT  (l#«)#J*l#10l) -  - 

FORHATt 3*,E1S, J.2X.101A1)  .  - - - -  —  - 

CONTINUE  .  .  -  - — - - 

IflNCT  ,E0.  OIGO  TO  2  .  .  — - 

PRINT  120. (L*BEL ( I Y ) . I V  * 1 1 2) , (POINT ( lb. J) , J*i, 101 J - - 

F0»NAT(8x.2Ak, 101A1 )  .  _  -  - 

GO  TO  3  - .  - . . 

PRINT  110,  (POInTI  lb.J).J*lfl01>  ...  ...  - - 

00  SO  1*17, Rl  -  - -  - 

_ _ IF(HOOd.lO)  ,E0,  1)  CO  TO  55  -•  - - - 

_ print  no, (poiNT(i,j).j*i,iou.  .  - - -—•••■  . 

_ CO  TO  SO _ _  -  - -  - -  -  -  --- 

_SS  INOX  *  fc  •  Cl  ♦  113/10  —  -  ...... 

PRINT  HO.T(INOX) , (POINT ( I» J> #J*1» 101} _  - 

.50  CONTINUE  ....  - - - - 

PRINT  130, (SCI), 1*1.11.2)  - - - - 

130  F0BH*T{lH0fG*,£15,3.5(bX,ElSt3)}  -  ~ -  -  -  -- 

. .  IF (NCX  ,E0,  0)  CO  TO  R 

R  RETURN  ...  - 

_ ENO _  ■  - 


101 

l 


110 

RS 

110 

RO 

120 

2 

_3 


ar'-l.S 


s  . 

;c 


SUBROUTINE  f.XTV*l.»X*N.l*»X»XNl»o 
&TM£«iS!0N  XUJ 

"c _F i no"" «ux x MUM~iN0  minimum  ' Values  In* The-*'* R7r_'x  j< m i  chna  bn  entries 

_ .X*<*X«XU) _ _ _ 

_  .  ._ _ 

_ _ DO  200  I*?*N  _ _ 

_ _..1F  60  TO  100_  .  . _ 

_ _  .  iw»*«xm _ _ _. _ 

.100. IF  (X**lN.tT.*(X))  .60-10  .200 _ _ _ 

**<IN«*m _ _ _ 

.  .  20o  CONTINUE  _ _ _ 

_  ..  .  .  NN«iUOGlO(XM*X)  _ _ _ _  . 

_ **(X'**X/tlO«»NN)  )  .♦  .1 _ _ _ _ 

_ X*»X  «  N*10**NN _ _ _ _ _ _ 

_  RETURN _ _  _ _ _ ...  . 

_ END. _ 


fj 
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L 
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Computer  Code  TP.AJE  for  Obtaining  the  Range  and 
Terminal  Velocities  of  Drag  Fragments 

The  following  computer  code,  TRATE,  was  used  to  generate  figures 
for  fragment  range  versus  initial  trajectory  angle  for  fragments  which  ex¬ 
perience  no  lift  forces.  It  can  be  used  to  determine  the  terminal  velocity 
of  fragments  at  their  maximum  range.  The  program  is  based  on  a  pertur¬ 
bation  technique  described  in  Reference  4.  The  following  table  lists  the 
program  variables  used  in  TRAJE  that  were  not  previously  defined  in  FRISB, 

Program 


Variable 

Definition 

Unit 

FM 

input  fragment  mass 

kg 

AF 

input  fragment  characteristic  area 

2 

m 

CD 

input  fragment  drag  coefficient 

-- 

NCD 

input  branch  constant  (for  NCD  _>  1  the 
velocity  dependent  drag  coefficient  is 
introduced) 

.. 

DT 

input  time  increment 

s 

TM 

input  maximum  time  limit 

s 

VO 

initial  fragment  velocity 

m  /s 

AL0 

initial  trajectory  angle 

rad 

BBT 

drag  constant 

N/kg 

TT 

test  time 

s 

XQ 

fragment  horizontal  displacement 

m 

Y 

fragment  vertical  displacement 

m 

VX 

fragment  instantaneous  horizontal  velocity 

m  /  s 

VY 

fragment  instantaneous  vertical  velocity 

in  /  s 

ALP 

instantaneous  trajectory  angle 

rad 

V 

total  frac ;  nenl  velocity 

rr.  ' 
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1 
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MOGVi*  TVlJt  (INPUT, OUTPUT, TAPtl  •OUTPU»#TAPtt  aI*PUT) 
CO*’"©*  /V4V/  tCT,  Ar,fl*  . 

(HM) _ 

ro»»*At  <3ll2»i)  ____ 

toput  (/,?►*  *t#Hi ■ , 1 1 1 ; w  ;«t*'v*o'r  vov . c i r.« ,*■*•* ‘‘•/tie » - 

(/#%*•  »miiin,i<uii  *o,_  *«£**, f  u « »<**,, w.«f^ 


~y  alii ».  t  i'i7 » J  “ 

* _ *-o; 


H?CL 


>*»ti 


in 


itn 

)*l 


*0) 

ini 


rriy^it  (/,**  CP*. 111.*) 

>OH**iT  (/,l?M  tt3t  tl^C 
VO****- (2/,k*H _ tl*^ 

f . 4NQ  *  )  ' _  '  _  _  _____ 

>o»“*r  (hVh  (tecT*  ‘(ktcv)  "  0</uci 

r  "  (to)  )  ‘  -  .... 

ro»i“M  (/,kcn,«) ' 

m,*"'4T  (/,*-tllf*>  ~ 

fo***r  (id  _ — ' _ _ * 

00  1  Of  <*(,10 

•t*o  (/*v)  m,*v  _ 

f.vm.  (lit)  vm” _ _ 

c<«,n  it  ”  ~~ 

CO . 

*.co 

,  Tfc»" 


*f  *0 

■*ne  u,7) 
»r*o  (v.u) 

«f*o  :i,ty  ot j< 


¥0*0,  _ 

on  *op'll«17l  . _ 

*(0*7,0  _ 

¥0*  ¥(,*100. 

00  toi  1J*i»*  •  _ 

*ifl«  itn*  o,J7*t  _ 

*M(U  (1,11  *U0,V0 

ort»  <co.44*i,«Q*n)/<*>r*r 

TTO(fc|l*0#«|)**.o,i  _ 

»>ik  u,v»  tf  „ 

•Ft  INI  *1*1  VALUki 
*•0,0 

,»»n. 0  . t  "  ' 

*vMV"*C(VS(  *L0)  ~  ' 

r r iV0®4  1  N( *L0 )  . 

01*0,0  '  _ , 

,Or*r),n  •  “  _ 

0**0, 0  \ 

0vi*o,f,"  *' 

. . 

oo  ioo  (*j.«on 
'if  u*D  t/o.wo,'**:  ‘77* 

*1  f*L  :t 

1,0  r,j  of 

*1  0*04 

<?■.* iMfe"  *.  'V..* 

I»I  *0* 

r*r»OY  -  •  -  -  • 

17  (Y-lO#)'*Oi;*0f,V0» 
cnvlcvt 

MOJI.t  o„  T  VAtwl  S 
I*  (l-l,)  101,101#lD< 

T*n,,| 

/OITf  <l,|l>) 

-•PC  (1,11) 


vs-SSS®* 


--,’0 


4 1;  *  z  i 


T,l,f,VI,VV,AfaP 


Miff  u, II) 

00  TO  101 

10#  Miff  (1,1») 

«<•#  CO'<TlfaWt 

;  >  <o%wrtwnw -  ~ 

'C<Hr«/#4«**Sfc?M»  tAfeWU**!  - 

1P|*  f  *  f  »ftf  '  '  ' 

it  (f.t-rio^m^iM  J 

4©*~  V|<H(V<**tf)*(vV’*#))**0««  *" 

.  ’’V  <*co-n  ioo.t*»#»oi 

Ini  u  >•### 0i>«* sv'i 

in#  co*i,#« _ _ _ ; _ J’~." ..JUT 

on  to  mo 

lot  iMvj*#n;r»^i'»frioi 
in*  CO*<,i»0m*<*!*is«#n*i,#0 

'  00  fo  too  *'•■-'  " 

too  it  ( v i •  1 t  *  # )  n,t.#>efc#»fl» 
lOfc  Cft*(.nft«lM<vJ»#>t,))*l  ,  »l 
00  TO  tOO  *  * . 

lot  torn-* n.r  jfli/to*# mo 


id*  CO»<.''0|t|.^J-#J*,j[*#JlO  ""^" 
*’  *00  Til  too  ~ 

io*  IT (VI.* /»,•)  tin, KO/IVI 


tjo  fftM. <10 1 •  < v  1  -* »%,M ♦#.(»•;' "' '  - - - 

fan  Id  *u<i .  “ 

‘iti  eo*(4oc»'4fc'i»(viifa>i;)>4.i#o» 

i Oft  CO*TI*.dl  *  ■  “  ‘  ■ 

. *fT»(tft****T.'/000 »/<#>#«}  ~  *"“"■* 

"■  Cite,  CHOI.*  #0*  *t».  T  * 

c  *tio»  L ;  <0t  Wiimy.pi,  y  * ,  vftoi  rZZZZ. 

i«ft  Cft‘<TI«Hl 


tui  CflfaT i MJt 
to*  tout  l**dl 
let  COM/'*!  “I.'"' 

.  *>0„ . .  . 


4/;- 2’. 


V  „ 


J.5?. 

~ibY 

joj 

Tor 


DU.  tOT,»UP» VI, 0*,OY#VX,VY ,0A) 
Af  ,M _ • _ 


suHsoume 

Rt*L  t*i> 

C0"«0N/v»0/«fT, 

cuya.fj _ 

'6«M1 _ 

tKSbhTi'v!  ' _ 7~ 

Usf K«OT 

OF  If  «*•!*-£  ‘value  “of  ’  LOfi"  fUSC • 
ir  (u-.i'oiu)  ?oiV?Pi.«?n? 

mi  >_>♦<<  1  ^  P/3.  °)*(U*  •Jjj  -  tO*,'?  iT(U«MTr 

*9«t  i  .♦«)_’  '  .  . •  _ 

"60  TO  ? 3  1~  _ " _ '  _  _ 

3«( 1 ,«U) 

L>.f  * 


»L06( 9) 

CALC.  0*  A»Q'  Qvx~l*-  >QvIwg~COOBQ 

»P*L*f/6tT  _ _ _ 2_"" 

«CDiv|/S  _ _ 

"CS*C*9lNCAte'j_ 

GC*6*C09( ALP) 

kp*»o.s •cs*<otr.a >.(!,♦{ 0/3) )/s  ' 
'*P0»-C5»0T«U.4Ua(  '  I  ,/3,  )_«(g*«i)  ))/<S»*2) 
"o*«»o«xt>  _  ~ 

DV«»tOO»KPD  "  "  --  • _ 

'calc,  ov  A^r  ovv” i«(_*'pviN6  conno,'“_  _ 

YPO»  «<(GC*Q»S/fc* )•($•(! «/$)>) _ 

TS*  ($»*?)/?.  _ 

5“TF*CTS»LM  -O.'S)  ” 

»P«-(CO.S*f»C/(tAA*?))«S**T?r 
Or.yp  _  _ 

OVTEYPO  - .  - 

CALC.  0*0»  uv*  ovr  IS  fIXf.D  COOHD, 
0«a(Dl*C09(ALPn«(OT*91MALP>) 
0»*(»*«9IS(ALP)  »-*COV«CttS<  > ) 
V**(t>VX»C09(AL«,))-(0vr»SI»!(ALP))  ** 
VYf(0V*«9JMU.P)  )«(CV>»C05(AlP)) 

OA (AT  An (  V  T /  VX) 

VA((VI«»?)»(VY»*J))*»I,1 ,9  ^ 

MCtUPAI  _  _  I 

EmO  ’•* . . 


4E-23 


REFERENCES 


1.  Milne-Thompson,  L.  M.  .  Theoretic*!  Aerodynamics.  MacMillan, 
London,  1966,  4th  Edition,  p.  230. 

2.  Hoeraer,  S.  F. ,  Fluid  Dynamic  Drag,  S.  F.  Hoerner,  1958,  USA, 
pp.  3-12. 

3.  Stepniewski,  W.  Z.,  "B**ic  Aerodynamic*  and  Performance  of  the 
Helicopter,  "  Helicopter  Aerodynamic*  and  Dynamic  S--AGARD 
Lecture  Series  No.  63,  AGARD-LS-63,  April  1973. 

4.  Zaker,  T.  A.,  "Trajectory  Calculation*  in  Fragment  Haaard 
Analysis,  "  Minute*  of  13th  Annual  Explosives  Safety  Seminar, 
September  1971,  p.  101. 


4E-2*. 


j:  o  : 


I 

i 


•>  . 


<  3 


APPENDIX  IV.  F 

STATISTICAL  FITTING  TO  FRAGMENT  DATA 


4F-1  Derivation  of  Figure*  4*46  through  4-49 

From  the  initial  fragment  velocity  data  on  grouped  tests  by  pro¬ 
pellant  and  configuration  given  on  page  ]  02  of  Reference  1,  the  following 
estimated  mean*  and  standard  deviation*  for  the  log-normal  (to  the  ba»c 
e)  distribution*  are  »hown  in  Table  4F* 1. 


TABLE  4F-  I.  LOG  NORMAL  DISTRIBUTIONS  OF  FRAGMENT 
INITIAL  VELOCITY  (TO  THE  BASE  *)  BY  PROPELLANT 
TYPE  AND  CONFIGURATION 


Estimated  Mean 
Estimated  Std.  Dev. 


CBM 

LO./LH, 

■  .  x.  .  .% 

5. 2759" 

0.  9875 


CEM 

LO  /RP-  1 
—  ft  . 

5.  5249 
5.  5249 


CECS 

4. 9410 
0. 7715 


,  CECS 
LO  /RP-  1 

1  6- . 

4. 7739 
0.  6387 


The.se  di*tribution*  are  plotted  on  Figure*  4--I6  through  4-49, 
respectively.  The  goodrtss  of  fit  statistics  (W)  *re  piver.  in  Reference  1. 

4F-2  Derivation  of  Figure  4-50 

The  data  from  pa^e  86  of  Reference  1  for  fragment  initial  velocity 
measurements  were  used  to  determine  the  regression  line  (least  squares 
fit)  shown  of  initial  velocity,  U,  in  Figure  4-50,  The  95th  percentile 
(Uq-I  estimate  was  constructed  by  taking  the  estimate  for  the  standard 
deviation  {-)  from  the  CBM  LO^/LHj  group  in  Section  4F-I  above, 
establishing  a  point  l.  65  o  above  the  point  U  »  73,  96,  Y  *  ITo  by  the 
formula: 

U95  =  exp  [In  73.  96  4-  (1.  kb)  (C.  9875)  [ 

377.  24  met *rt  (1ZJ7,  7  ft) 


n 


To  determine  the  geometric  mtin  u.  mrtc r* /second,  raise  e  to  the 
power  shown. 
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I 


I 


A  lire  wti  then  extended  from  the  point  U  =  377.  24,  Y  =  1,  parallel  to 
the  regression  line /or  U  on  Y  (U  «  73.  96  yO.  4296jt 

The  values  for  nine  tests  from  Reference  1  are  presented  in 
Table  4F-2. 


TABLE  4F-2.  MEAN  AND  MAXIMUM  FRAGMENT  INITIAL 
VELOCITY  FOR  L©2/LH2  CBM 


iMtitet. 

JCisUiSU 

Mean  Velocity 
m/s 

Maximum  Velocity 
Measured 

0.53 

4 

110.3 

240 

091 

29 

457.  2 

1100 

118 

20 

215.4 

340 

199 

8 

201.  2 

455 

200 

17 

26b,  2 

504 

210 

7 

198.  1 

462 

212 

27 

240.8 

383 

213 

35 

301.  8 

459 

26b 

10 

210.3 

441 

Figure  4F-1  shows  the  regression  line,  the  estimated  95‘h 
percentile  line,  and  the  mean  and  maximum  observed  velocity  point.. 

4F-3  Rationale  for  Averaging  Fragment  Mass  Distribution  for  Events 
3,  4,  and  5 

The  estimated  mesne  tn^  standard  deviations  (log-normal  to  the 
base  e)  for  the  fragment  mass  for  the  five  events  from  Reference  1  are 
shown  in  Table  4F-3, 

The  estimated  means  and  standard  deviations  of  events  3,  4,  and 
6  were  (airly  close  to  each  other,  and  the  events  were  of  the  same  type. 
Therefore,  it  seemed  reasonable  to  apply  a  "t"  test  (sec  Reference  8) 
for  significant  difference  in  means.  This  test  was  applied  to  events  3  and 
*f  since  the  difference  in  estimated  moans  was  the  greatest  for  any  pair 
of  estimated  means  from  eventu  3,  4,  and  in 
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(  ft/sec  =  m/»  X  3.  281  ) 


Figure  4F-1.  Initial  Velocity  Vs  Yield, 
CBM.  LO  /LH 
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TABLE  4F- 
FOR  Fk,. 

3.  ESTIMATED  MEAN  AND  STANDARD  DEVIATION 
"MENT  MASS  DISTRIBUTION  (LOG  NORMAL  TO 

BASE  e)  FOR  FIVE  EVENTS 

Frasment  Mass 

Distribution 

Event  No. 

Mean 

Standard  Dev. 

Percent  Yield 

1 

7.  7226* 

0.  ^020 

5.0 

2 

9.  3940 

1.  1  142 

1.  1 

3 

9.7761 

I.  1787 

23.  0 

4 

10.  1488 

1.  0367 

24.4 

5 

10.  0522 

0.  8838 

62.6 

The  "i"  test  is  applied  using  the  following  steps: 

(1)  The  pooled  estimate  for  the  standard  deviation  (Sp)  is 
calculated  by: 

Sp  =  (S^  +  S22)/2 

(2)  The  "t"  statistic  is  calculated  by 
t  =  (WJ  -  W2)/(Sp)  (  /2/n  ), 

where  n  is  the  number  of  points  to  estimate  W ^  and 
in  our  case  n  =  9. 

(3)  The  "t”  '^atistic  is  then  compared  to  a  value  in  the  t 
distribution  table,  t,,  .  ^  (n  j)  .  where  r.  is  the 
probability  of  type  1  error  or  risk  of  accepting  the 
hypothesis  that  the  re  is  no  significant  difference  in  means 
where  there  is,  and  2(  n  -  1)  is  a  parameter  in  the  t 
distribution  (degree  of  freedom)  used  to  find  the  tabled 
value. 

(4)  If  the  calculated  value  of  t  (from  step  2)  is  between 

±  t_, .  2  (n  -  1)  table  value),  we  accept  the  hypothesis 


To  determine  geometric  mean  weight,  raise  e  to  power  shown  in  table. 
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that  there  is  nc  significant  difference  in  the  means.  If 
not,  we  reject  the  hypothesis,  and  conclude  there  is  a 
significant  difference  in  the  means. 

Choosing  an  n  of  0.  20,  the  table  value  of  t  for  lb  degrees  ol 
freedom  is  ±  1.  337, 

The  formula  for  calculating  "t”  can  be  further  simplified  to: 


t 


y*h  <w  1  -  w2) 

Sl2  *  S22 


(4F-1) 


Using  the  above  formula,  the  calculated  value  of  t  is: 


t  =  3110.  1488  -  9,7761)  .  Q  ?12 

.  1.  03672  +  1.  17872 

Since  the  calculated  value  of  t  of  0.  712  lies  between  the  table  value 
±  1.337,  we  accept  the  hypothesis  that  there  is  no  significant  difference  in 
means  and  can  use  a  single  distribution  for  the  fragment  mass  distribu¬ 
tion  for  events  3,  4,  and  5.  Averaging  the  means  oe  events  3,  4,  and  5 
yielded  an  average  value  of  9.  9924,  and  for  the  st  ndard  deviation  an 
average  value  of  1.  0331.  These  values  were  used  to  construct  Figure 
4-53. 

4F-4  Fragment  Mass  Distributions  For  Gas  Vessel  Bursts 

The  fragment  mass  data  from  each  of  the  tanks  were  sorted  in 
ascending  order;  the  values  for  the  mass  for  the  10th  to  the  90th  per¬ 
centiles  in  10%  steps  were  identified.  Table  4F-4  is  a  listing  of  these 
values. 


Figures  4F-2  through  4F-5  are  plots  of  the  percentile  points  on 
log  normal  probability  paper  for  tanks  A.  B,  D  and  E .respectively. 

Table  4F-5  is  a  listing  of  thr  estimated  means  and  standard 
deviations  for  the  log  normal  {to  the  base  e)  distributions. 

A  "W"  statistic  (see  Reference  9)  for  goodness  of  fit  was  calculated 
for  each  of  the  distributions.  The  approximate  probability  of  obtaining 
the  calculated  test  statistic,  given  that  the  chosen  distribution  is  correct, 
was  then  determined.  The  results  are  shown  in  Table  4F-6. 
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TABLE  4F-4.  PERCENTILES  FOR  PLOTTING  FRAGMENT 
MASSES  OF  TANKS  A,  B.  D,  AND  E 


Mtu  (g) 


Percent 

Tank  A 

J.Anh  B 

Tank  F 

10 

2.  2 

1.  1 

85 

61 

20 

3.7 

4.  6 

199 

199 

30 

5.  2 

6.6 

454 

454 

40 

11.0 

24.  0 

624 

738 

50 

15.  0 

31.  0 

1731 

1277 

60 

42.0 

38.0 

2015 

1617 

70 

53.  0 

63.  0 

2156 

1873 

80 

96.0 

92.0 

2270 

2270 

9C 

143.  0 

125.0 

2639 

3036 

TABLE  4F-5.  LISTING  OF  ESTIMATED  MEANS  AND  STANDARD 
DEVIATIONS  FOR  LOG-NORMAL  DISTRIBUTION 
(TO  THE  BASE  e)  FOR  GAS  VESSELS 

Tank  No. 

Estimated  Mean 

Estimated  Standard  Deviation 

A 

2.  9730 

1.  4821 

?, 

3.  0327 

1.6829 

D 

6.  5698 

1.  8080 

MASS  ( grams ) 


{  lbm  *  kg  X  2.205  ) 


Figure  4F~2.  Fragment  Mass  Distribution,  Tank  A 
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MASS  ( grams ) 

(  lbm  =  kg  X  2.205  ) 


Figure  4F-3.  Fragment  Mail  Distribution,  Tank  B 
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Figur'.-  4F-4.  Fragment  Mass  Distribution,  Tank  D 
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Figure  41  F  r»nn'f  nt  Ma»*  Di*t ribut  ion,  Tank  K 
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TABLE  4F-6.  SUMMARY  OF  "W"  TEST  ON  NORWALK  Y  FOR 
FRAGMENT  MASS  DISTRIBUTION  FOR 
TANKS  A.  B,  D,  AND  C 


IsnkJis* 

"W" 

Prpb»j>llliv 

A 

.948 

.63 

D 

.929 

.45 

D 

.  d51 

.  08 

E 

.936 

.74 

At  It  it  cuttomary  to  consider  valuta  excseding  2  to  107*  at 
adtquatt  ground*  for  not  rejecting  tht  hypothesis  that  th«  data  belong  to 
tht  chottn  dlttribution,  tht  fits  for  tanka  A,  B.  and  E  art  mort  than 
adequate,  and  for  D  somewhat  questionable. 

Except  for  Tank  D.  tht  other  valuta  compart  favorably  with  thove 
obtaintd  for  tho  log-normal  fragment  dlttribution  for  Event*  1.  1.  i,  4 
and  S  for  the  propellants  (Reference  1). 

4F-5  Rationale  For  Averaging  Fragment  Mata  Distribution  a  For 
Tanka  A  and  B  and  Tanka  D  and  E 

A  "t"  teat  for  aignificant  difference  in  meana  wti  made  for  each 
of  the  pair*  of  tanka,  with  the  following  rtaulte; 

For  tanka  A  and  B,  the  calculated  value  of  "t"  wti  0.  314 

versus  the  tabic  value  oi  t  1,  337, 

For  tanka  D  and  E,  the  calculated  value  of  "t"  wn  ,  1334 

veraua  the  table  value  of  *  1.  337. 

Thus,  no  aignificant  difference  in  mean*  for  either  pair  wee 
found,  and  <:  tingle  dlttribution  for  each  pair  wti  derived  by  averaging 
the  respective  pair  of  meana  and  standard  deviations.  Table  4F-7  pre¬ 
sent*  the  results,  and  the  distribution*  arc  charted  in  Figures  4-34  and 
4-53. 
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TABLE  4F-7.  ESTIMATED  MEAN,  AND  STANDARD  DEVIATION 
(TO  THE  BASE  •  >  FOR  TANKS  A  AND  &,  AND  D  AlO  E 

*  >  i  ' 

i  *  ' 

Tank#  Climated  Mtf  in  .TmrMtr? 

A  and  b  2,  99M  1. 5W 

D  and  E  6. 4240  1. 695 

4F<6  Derivation  of  Figure  4-37,  Fragment  Distance  Versus  Percent 
Yield  For  PropeUaot  Explosions 

Table  4F-8  i«  tar-en  from  Reference  1,  with  some  minor  eorrec- 
tione.  For  each  of  the  five  events,  a  9S%  upprr  confidence  limit  w»i  put 
on  the  estimated  mean  (M)  and  a  90%  upper  confidence  limit  was  estab¬ 
lished  for  the  estimated  standard  deviation  (S),  uning  methods  outlined  in 
Reference  A. 

The  confideuce  limit  on  the  mean  was  calculated  using  the  follow¬ 
ing  formula: 


CL  r 


V  95) 


n  is  the  number  of  fragments  and  t/n.^5j  is  the  value  of  the  t  distribu¬ 
tion  with  o  degrees  of  freedom  at  toe  95th  percentile. 


The  confidence  interval  for  the  standard  deviation  was  calculated 
using  the  following  formula: 


CL 


& 


-  1/2 

txt*  -  (  rxt  )z/n 

*Z  (n  -  1)  ;  90  ■ 


where  X,  is  the  distance  of  the  ith  fragment,  n  is  the  number  of  frag¬ 
ments,  and  x2(n  .  1);90  iB  th*  value  of  a  chi  square  distribution  with 
n  -  1  degrees  of  freedom  et  the  90th  percentile. 

Then,  using  the  new  upper  confidence  level  value*  of  M  and  5, 
the  R95  In  which  95%  of  the  fragments  should  fall  was  calculated  as 
follows: 


4F-n 


M  V  S  t 


(n  :  95) 


The  interval  from  the  mean  (M)  to  R^  ia  indicated  for  each  event  on 
Figure  4F-6  by  a  bar. 


A  line  was  then  drawn  parallel  to  the  regression  line,  and  just 
touching  the  longest  bar.  Thus,  the  distances  read  from  this  line  could 
be  expected  to  encompass  at  least  95%  of  the  fragments  resulting  from  a 
given  yield. 

4F-7  Derivation  of  Simulated  Fragment  Range  Distribution  for  Cas 
Vessel  Bursts 


For  each  tank,  the  fragments  were  divided  into  classes  by  frag¬ 
ment  area.  The  computer  program  FRISB  was  then  exercised  taking 
into  account  fragment  shape  (from  drag)  for  initial  angles  of  IS,  30.  4S, 
60,  and  75°  to  determine  a  range  for  each  angle  for  each  class  of  frag¬ 
ment.  Table  4F-9  presents  the  results  of  the  range  simulation. 

In  the  table  the  fragments  have  been  divided  into  groups  or  classes 
with  the  average  planform  area  AL  and  the  average  mass  W  of  each 
class  listed.  The  area  data  were  obtained  by  measurement  from  the 
photographs  of  Reference  2.  Mass  data  were  given  in  the  reference  for 
each  fragment,  AD  is  the  average  drag  area  for  each  class  of  fragment; 
this  area  is  calculated  on  the  basis  of  the  thickness  of  the  fragments  and 
a  characteristic  width  dimension  equal  to  the  square  root  of  the  fragment, 
planform  area.  The  maximum  range  of  the  classes  of  fragments  lor 
various  values  of  initial  trajectory  angle  (n.  =  5  n°,  n  -  3  15)  was 

calculated  using  code  FRISB  assuming  the  average  characteristics  for  the 
fragments  in  each  class,  and  that  the  initial  velocity  was  the  maximum 
initial  velocity  for  the  fragments  measured  for  each  tank. 

The  fragment  ranges  were  ordered,  and  the  percentiles  were 
determined  and  are  shown  in  Table  4F-10.  Then  the  percentiles  were 
plotted  on  normal  probability  paper  and  are  shown  in  Figures  4F-7 
through  4F-10.  The  estimates  for  the  mean  and  standard  deviation  for 
each  distribution  v/ere  then  calculated  and  are  shown  in  Table  4F-11. 


A  "W"  goodness  of  fit  statistic  was  calculated  for  each  distribu¬ 
tion  and  the  probability  of  obtaining  the  calculated  test  statistic  value, 
given  that  the  chosen  distribution  is  correct  was  then  determined.  The 
results  are  shown  in  Table  4F-12. 


Figure  4F-6.  Mean  Distance  Va  Yield  wi*h  Estimated  Range 
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TABLE  4F-10.  PERCENTILES  FOR  SIMULATED  RANGES 
.  F'OR-CAS.  VESSEL  BURSTS 


Percentile 

Tank  A 

Tank  B 

Tank  D 

Tank  E 

10 

0.  566 

0.  532 

6.4 

6.9 

20 

0.  806 

0.  747 

11.  9 

20.8 

30 

2.  330 

1.98 

23.5 

25.4 

40 

2.  947 

2.95 

28.  7 

45.4 

50 

5.  107 

4.33 

43.  8 

56.0 

60 

6.473 

6.  38 

63.  8 

77.4 

70 

8.  679 

7.  39 

66.  5 

96.3 

80 

11.  120 

10.  25 

108.4 

114.6 

90 

12.969 

11.  00 

131.6 

143.3 

TABLE  4F-  11.  ESTIMATES  FOR  MEAN  AND  STANDARD 
DEVIATION  FOR  SIMULATED  RANGE  DISTRIBUTIONS 


Tank  No. 

Estimate  for 
Mean  (M) 

Estimate  for 
Standard  Deviation  (SI 

A 

5.  67 

6.  72 

B 

5.  06 

3.  92 

D 

53.  05 

44.  05 

E 

65.  1 

46.  20 
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Figure  4F* 
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Klit'ir*  4F*9.  Simulated  Rang*  for  Tank  0 


Figure  4F-1Q.  Slmuiatad  Rang*  for  Tank  C 
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TABLE  4F-12.  SUMMARY  OF  "W"  TEST  ON  NORMALITY  FOR 
SIMULATED  FRAGMENT  RANGE.  DI£T  RIB y_TIOKT  FOR 
GAS  VESSEL  BURSTS 


"W" 

A 

.  929 

.46 

B 

.921 

.37 

D 

.933 

.47 

E 

.956 

.  74 

As  shown  from  the  probability  column  of  Table  4F-  12,  the  normal 
distributions  are  fairly  good  fits  to  the  data. 

4F-8  Rationale  For  Combining  Simulated  Range  Distribution  For  Tanks 
A  and  B  and  for  Tanka  D  and  E 

A  "t"  test  for  significant  differences  in  means  was  made  for  each 
of  the  pairs  of  tanks,  with  the  following  results. 

For  tanks  A  and  B,  the  calculated  value  of  "t"  was  0.  235  and  for 
tanks  D  ana  E  was  0.  558  versus  the  table  value  of  ±  1.337.  Thus,  no 
significant  difference  in  means  for  either  pair  was  found,  and  a  single 
distribution  for  the  simulated  range  for  each  pair  was  derived  by 
averaging  the  respective  pair  of  means  and  standard  deviations.  Table 
4F-13  presents  the  results,  and  the  distributions  are  charted  in  Figures 
4-58  and  4-59. 


TABLE  4F-  13.  ESTIMATED  MEAN  AND  STANDARD 
DEVIATION  FOR  SIMULATED  RANGE  DISTRIBUTION  FOR 
TANKS  A  AND  B,  AND  TANKS  D  AND  E 


Tanks  Estimated  Mean  Estimated  Standard  Deviation 

A  and  B  5. 4  5.  5 

D  and  E  59.  2  4  5.  1 
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CHAPTER  V  N76-19301 

EFFECTS  OF  FRAGMENTS 


5*1  Damage  Estimates  to  Structures  and  Facilities 
5-1,1  General 

One  can  see  from  Chapter  IV  that  there  are  wide  variations  in 
characteristics  of  fragments  generated  during  accidental  explosions  of 
the  types  covered  in  this  handbook.  Large  sections  of  pressure  vessels, 
and  appurtenances  accelerated  by  the  explosions,  can  be  quite  massive 
(over  500  kg  or  1000  lbm),  while  some  fragments  thrown  to  large  dis¬ 
tances  are  quite  light  (less  than  1  g  or  0.  002  lbm).  Impact  velocities  can 
range  from  a  few  meters  per  second  to  several  hundred  meters  per 
second.  Also,  in  Chapter  IV,  methods  are  given  for  estimating  the 
probability  that  fragments  of  given  mass  and  impact  velocity  will  strike 
a  structure  located  a  specified  distance  from  an  accident.  An  important 
characteristic  of  fragments  from  these  accidents  is  that  they  are  of  low 
velocity,  and  large  average  mass,  compared  to  fragments  from  muni¬ 
tions  which  are  intended  to  cause  damage  by  penetration  or  perforation. 

Conventional  structures  which  can  be  damaged  by  fragments  in¬ 
clude  frame  or  masonry  residences,  light  to  heavy  industrial  buildings, 
office  building  -,  public  buildings,  mobile  homes,  cars,  and  others  too 
numerous  to  nan.e.  Damage  can  be  superficial,  such  as  denting  of  metal 
panels  or  breakag  ■  of  panes  of  glass.  But,  massive  fragments  can  cause 
more  extensive  damage  such  as  perforation  of  wooden  roofs,  severe 
crushing  of  mobile  homes  or  cars,  etc.  Most  of  the  fragments  will  be 
nonpenetrating  and  will  cause  damage  by  imparting  impulsive  loads 
during  impact.  Methods  similar  to  those  used  to  establish  threshold 
damage  levels  under  blast  loadings  can  also  be  used  to  establish  thres¬ 
holds  for  impact  damage  by  fragments,  1.  e. ,  lower  limits  for  superficial 
damage.  The  methods  will  be  somewhat  simpler  because  the  impacts 
will  almost  certainly  be  of  short  enough  duration  to  be  purely  impulsive 
for  almost  any  ’target"  structure  or  structural  component.  Impact  con¬ 
ditions  with  large  fragments  which  can  be  certain  to  cause  significant 
structural  damage  can  probably  also  be  established  by  equating  kinetic 
energy  in  the  fragment  to  energy  absorption  capability  for  typical  roof 
panels,  roof  supporting  beams,  etc. 

Launch  facilities  for  liquid-propellant  rockets  present  some 
special  "targets"  to  fragments  from  accidental  explosions  which  can  be 
especially  susceptible  to  perforation  damage.  These  are  thin-walled 
tanks  for  storage  or  transport  of  energetic  propellant  liquids  such  as 


5-  1 


* 

I 

1 


.  V  . 


0 

0, 

i 

i 

i 


i 


i 


LH?,  RP*1,  or  L02>  Fragment  impact  conditions  which  would  cause 
perforation  of  such  tanks  can  be  estimated  from  ballistic -perforation 
formulas  for  munitions  fragments  and  from  hailstone  impact  data.  These 
formulas  will  be  presented  and  discussed. 

5.  1-2  Impact  of  Fragments  on  Thin  Metal  Targets 

The  following  methods  can  be  used  for  fragment  impact  on  metal 
sheets  or  plates.  The  details  of  the  formulation  of  these  methods  are 
presented  in  Appendix  5A. 

The  Vjq  limit  velocity  is  defined  as  the  velocity  at  which  a  pro¬ 
jectile  will  have  a  50%  chance  of  penetrating  a  given  target.  Knowing  the 
properties  of  the  projectile  (fragment)  and  the  target,  can  be  ob¬ 

tained  from  Figure  5-1. 

In  this  figure,  a  is  the  radius  of  the  fragment  (assuming  a  spher¬ 
ical  shape),  h  is  the  thickness  of  the  target,  is  the  density  of  the 
fragment  (or  projectile),  't  is  the  density  of  the  target  material,  and 
"t  is  the  yield  stress  of  the  target  material. 

The  solid  line  in  Figure  5-  1  gives  the  relationship  between  limit 
velocity  and  target  thickness.  As  the  graph  shows,  there  is  uncertainty 
in  this  relation.  For  hard  fragments  which  are  less  likely  to  deform,  a 
lower  nondimensional  limit  velocity  (more  conservative)  should  be  chosen. 
For  softer  fragments,  a  higher  limit  velocity  can  be  used.  At  this  time, 

it  is  not  known  whether  this  relationship  holds  for  values  of  —  greater 

than  about  2.  2. 

This  method  is  good  for  the  impact  of  a  fragment  with  its  velocity 
normal  to  the  target  surface.  For  oblique  impacts,  the  normal  compo¬ 
nent  of  the  velocity  should  be  used.  According  to  one  report,  (1)  for 
oblique  impacts,  the  penetration  velocity  is  minimum  at  an  angle  of  30° 
from  the  normal  direction.  The  difference  between  the  penetration  velo¬ 
cities  at  0°  and  at  30°  may  be  as  great  as  20%.  Therefore,  if  oblique 
impact  is  expected,  the  penetration  velocity  obtained  by  use  of  Figure  5-  1 
should  be  multiplied  by  0.  8. 

For  fragment  velocities  less  than  V^q,  the  permanent  deflection 
f'  at  the  impact  point  on  the  target  can  be  determined.  Figure  5-2  is  a 
graph  of  nondimensional  deflection  versus  nondimensional  velocity. 

For  given  fragment  properties,  a  given  target,  arid  a  given  normal 
component  of  fragment  velocity,  >  can  be  obtained.  Oi  course,  for  very 
low  fragment  velocities,  there  is  no  permanent  deflection. 
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This  method  was  developed  for  impacts  not  very  close  to  lhe.edge - 

of  a  sheet  or  plate.  For  fragment  impact  near  the  edge  of  an  unsupported 
or  simply-supported  sheet  or  plate,  the  deflection  may  be  twice  the  de¬ 
flection  that  would  be  otherwise  expected. 


This  analysis  has  been  formulated  for  spherical  fragments.  To 

v  1/3 


apply  this  to  fragments  of  other  shapes,  let  a  - 


m 


3P  3 


where  m  is  the  mass  of  the  fragment.  More  research  must  be  done  to 
determine  other  effects  of  fragment  shape. 


Table  5-1  is  a  list  of  the  important  properties  (density  and  yield 
stress)  of  a  few  selected  fragment  and  target  materials. 


TABLE  5-  1.  MATERIAL  PROPERTIES 
(References  2,  3) 


density  o  yield  stress  n 


Steel  7850  489 


1015 

3.  46  -  4.  49  x  108 

50.  000  - 

65,  000 

1018 

3.  66  x  10® 

53.  000 

1020  (large  grained) 

4.42  x  108 

64,  000 

1020  (sheet) 

3.  11  x  108 

45,  000 

Aluminum  Alloys  (sheet)  2770 

173 

2024-0 

8. 85  x  107 

12.  800 

2024-T3 

3. 66  x  108 

53.  000 

2024- T4 

3.  66  x  108 

53,  000 

Titanium  Alloy  4520 

282 

6AZ4V 

1.  11  x  109 

160,  000 
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Example  1: 

Given  fragment  radius  a  *  0.  020  m  (0.  066  ft)  and  density  = 
7000  kg/m3  (440  lbm /ft3),  target  density  ot  s  7000  kg/m3  <440  lb^ /ft3) 
and  yield  stress  ct  =  4.40  x  10®  Pa  <6.38  x  10*  psi)  and  fragment  velocity 
V  =  200  m/s  (660  ft/sec),  find  the  minimum  target  thickness  h  to 
prevent  penetration.  Solution:  Nondimensional  velocity  is  computed,  and 
h/a  is  read  from  Figure  5-1: 


°P-V50  s  (7000  k^/m3)i200_m/sl  ^  Q  ?9g 

/ct°t  [(4.  40  x  108  N/m2)  (7000  kg/m3)] 1/2 

Then  from  Figure  5-1,  h/a  =  0.202.  For  the  given  a,  h  =  0.  0040  m 
(0.013  ft). 

Example  2: 

Giv>n  fragment  radius  a  =  0.  010  m  (0.  033  ft)  and  density  r  = 
7000  kg/m3  (440  lbm /ft3),  urget  density  =  7000  kg/m3  (440  lbm /ft  ), 
yield  stress  *  4.  40  x  103  Pa  (6.  38  x  10  psi)  and  thickness  h  =  0.0010 
m  (0.  0033  ft),  find  V5Q.  Solution:  h/a  is  computed,  and  the  nondimen¬ 
sional  velocity  is  read  from  Fipure  5-  .1: 


h  / 


a  = 


0.  0010  m 

0.010  m 


=  0.  10 


Then  from  Figure  5-1,  c  V.* 

_J2 _ z£L 


properties. 
Example  3: 


/c^T? 

=  110  m/s  (360  ft/s). 


0.43.  For  the  given 


Given  the  same  fragment  and  target  properties  as  in  Example  2, 
and  a  fragment  velocity  less  than  the  limit  velocity  V  =  52.0  m/s  (171 
ft/s),  find  the  deflection  at  the  impact  point  on  the  target. 


_ (700  kg/m  )  (52.  0  m/s) 

c  2  *  1  /2 

[(4.40x10  N/m  )  (7000  kg/m'')  [ 


=  0.  207 


1-0 


o  & 


From  Figure  5-2,  =  0.  068.  Then  for  example,  6=  0.0068  m 

a 

(0.  022  ft). 

5-  1.  3  Impact  of  Fragments  on  Roofing  Materials 

Nearly  any  impact  of  a  fragment  upon  the  roof  of  a  building  will 
cause  at  least  some  superficial  damage.  Damage  which  only  affects  the 
appearance  but  which  does  not  interfere  with  the  performance  of  the 
roofing  will  not  be  discussed  here.  Serious  damage  includes  cracking 
and  complete  penetration. 

Because  of  the  many  kinds  of  roofing  and  the  scarcity  of  data  of 
fragment  impact  upon  roofing  materials,  the  following  discussion  will  be 
kept  as  general  as  possible,  presenting  only  the  lower  limits  of  damage 
for  groupings  of  roofing  materials,  with  the  understanding  that  these  are 
not  known  very  accurately. 

The  analysis  for  the  impact  upon  metal  targets  leads  one  to  be¬ 
lieve  that  the  important  projectile  property  is  momentum.  Until  more 
information  is  obtained,  it  must  be  assumed  that  momentum  is  also  im¬ 
portant  in  impact  upon  roofing  materials.  (The  following  discussion  is 
based  upon  data  in  Reference  4  in  which  synthetic  hailstones  were  pro¬ 
jected  at  roofing  materials  targets.  The  velocities  in  the  tests  correspond 
to  the  terminal  fall  velocities  of  hailstones  of  the  particular  sizes  used). 

The  roofing  materials  can  be  separated  into  three  classes: 
asphalt  shingles,  built-up  roofs  (alternate  layers  of  bitumen  and  rein¬ 
forcing  membranes,  iften  topped  with  pebbles  or  ••rushed  stone),  and 
miscellaneov.:  n-’»cr!,'s  (asbestos  cement  shinrles,  plate,  cedar 
shingles,  clay  tile,  and  sheet  metal).  I-o  we  -  limits  c£  fragment  momen¬ 
tum  for  serious  damage  to  common  roofing  materials  are  given  in 
Table  5-2. 

For  oblique  impact,  the  component  of  the  velocity  «rnu!  tot  ie 
surface  of  the  roof  should  be  used  in  the  calculation  ol  momtvun. 

Aged  shingles  may  sustain  serious  damage  at  a  lower  fragment 
momentum  than  that  which  is  g»ven  in  the  table.  Also,  the  teste  werv- 
conducted  at  room  temperature-  The  limiting  momentum  would  be  treater 
for  shingles  at  a  higher  temperature,  and  less  l or  lhingles  at  a  iewer 
temperature. 


Miscellaneous 

0.  003  m  (1/8") 
asbestos  0.710 

0.  006  m  (1/4") 
asbestos  cement 


shingles 

1.  Z7 

0.  006  m  (1/4") 
green  slate 

1.  27 

0.  006  m  (1/4") 
grey  slate 

0.  710 

0.  013  m  (1/2") 
cedar  shingles 

0.  710 

0.  019  m  (3/4") 
red  clay  tile 

1.  27 

Standing  seam 
terne  metal 

4.  43 

■  impact  damage  for 

ALS  (Reference  •») 


tent  Momentum 
damage  (mv| 
lb  ft /sec 


Comments 


5.  13  crack  shingle 

44.  1  damage  deck 

*>.  13  crack  tar  flood  coat 

14.  5  crack  surface  of  con* 

ventional  built-up  roof 
without  top  layer  of 
stones 

>31.  9  with  a  14  kg/m^  top 

layer  of  slag,  there 
was  no  damage  up  to 
4.  43  kg  m/s,  which 
was  the  maximum 
momentum  of  the  test 


5.  13 

9.  lb 
9.  16 
5.  13 
5.  13 
9.  16 


31.  9 


plywood  deck  cracked 


Example  4; 


A  fragment  with  a  mats  of  0.  25  kg  (0.  55  lb  )  *nd  a  velocity  of 
20.  0  m/t  (65.6  ft/s)  strike*  a  roof  of  asphalt  shingles  in  a  direction 
normal  to  the  surface  of  the  roof.  What  kind  of  damage  can  be  expected  7 
Solution:  Calculate  the  momentum  of  the  fragment,  and  compare  it  to 
the  values  in  Table  5-2.  Momentum  *  mv  ■  (9.  25  kg)  (20.  0  m/s)  * 

5.  0  kg  m/s.  According  to  Table  5*2,  this  momentum  will  crack  the 
shingle,  but  it  will  not  damage  the  deck. 

5-2  Damage  Estimates  to  People  from  Secondary  Fragments 
5-2.  1  Penetrating  Fragments 

Fragments  can  be  divided  into  two  categories,  penetrating  and 
nonpenetrating.  Due  to  a  limited  amount  of  available  data,  penetrating 
fragments  will  refer  to  fragments  weighing  up  to  0,  015  kg  (0.  033  lbm) 
and  area-to-mass  ratio  A/M  up  to  0.  09  m2/kg  where  A  is  the  cross- 
sectional  area  of  a  fragment  along  its  trajectory  and  M  is  the  mass  of 
the  fragment.  Nonpenetrating  fragment*  will  refer  to  fragments  weighing 
4.  54  kg  (10  lbm)  or  more.  Only  a  summary  of  the  methods  for  deter¬ 
mining  fragment  damage  to  people  will  be  presented  here.  The  develop¬ 
ment  of  these  methods  is  given  in  Appendix  5B  for  the  convenience  of 
the  interested  reader. 


To  determine  whether  a  fragment  can  eauee  eevere  body  penetra¬ 
tion  damage,  it  ie  necessary  to  determine  ite  striking  velocity  V  in  (m/s) 
and  A/M  ratio:  these  parameter#  can,  in  general,  be  determined  from 
other  portions  of  this  handbook  with  the  exception  of  parameters  from 
glass  window  fragments  which  follow.  The  ballistic  limit  velocity  Vjq 
(in  m/s),  which  is  the  velocity  at  which  half  of  the  missiles  incident  on 
the  body  are  expected  to  perforate  the  akin  with  enough  residual  velocity 
to  cause  severe  damage  is^> 


V5Q  «  1247.1  ‘^'j  ♦  22.  03  m/s  (5-1) 

for 

A/M  ±  C.  09  m2/kg,  M  ^  0.015  kg 

where 

A  is  the  cross-sectional  area  of  the  fragment  along  its  trajectory 
in  m2 

M  is  the  mass  of  the  fragment  in  kg 
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V gp  is  the  ballistic  litr  it  velocity  in  m/s 

If  V  £  V. Q ,  then  one  can  expect  iom«  serious  wounds  from  body  pens* 
trstion. 


To  determine  if  a  glaea  fragment  from  a  window  pane  broken  by 
the  blast  wave  can  cauie  severe  body  penetration  damage,  it  is  necessary 
to  calculate  an  effective  peak  overpressure 

where 


P  •  P  p  (5-2) 

e  s  ro 

for  windows  oriented  side-on  or  back-on  to  the  approaching  blast 
wave  where  p0  is  atmospheric  pressure  in  Pa,  see  Figure  5-3. 


or 


P  =  P  P 
e  r  o 


(5-3) 


for 


for  windows  oriented  face-on  to  the  approaching  blast  wave. 


P  <  3.5(7». 

s 


•  2  P  a  '>P, 

*  (\-  i)P *2; 

s 


(5-4) 


where 


Y  a  l.« 


For  P#  >  3.5,  Pr  can  be  acquired  directly  from  Figure  5-4.  The  ratio 
A/M  should  be  chosen  as  the  smaller  of 


M 


(5-5) 
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Figure  5-4.  Scaled  Reflected  Overpressure  Vs  Scaled 
Side-on  Overpressure 


where 


t  is  the  thickness  of  the  window  pane  in  meters 

is  the  density  of  the  glass  which  is  approximately  2471  kg/m^ 
(from  Reference  8) 

A'  is  the  geometric  mean  frontal  area  of  the  glass  fragment  in 
expressed  by 


A'  =  6.  4516  x  10 


-4 


I  *.4  -  In.  s  +  (5.  8566  x  10~5  P  )2  :  (5- 


for  P  in  the  range  0  Pa  to  96.5  kPa  .  (From  References  8  and 

9).  * 


Striking  velocity  v  (in  mis)  is 

V  =  [  (0.  2539)  (1.  896  x  lO*4)  (t  -  7.  62  x  10'4)'0- 928^ 


(5-8) 


x  3. 3443  P 


0.  547 


-4 

for  P£  in  range  690  Pa  to  689  KPa  and  t  >  7.  62  x  10  rn. 

If  V  V50  ,  then  one  can  expect  some  serious  wounds  from  body  pene 
tration. 


5-2.2  Nonpenetrating  Fragments 

Criteria  for  body  damage  from  nonpenetrating  objects  are  con¬ 
tained  in  Table  5-3.  It  should  be  noted  that  damage  is  dependent  on 
fragment  mass  and  velocity  only.  The  tabic  also  only  contains  one  frag¬ 
ment  mass  value.  One  can  logically  assume  that  larger  masses  pro¬ 
pelled  at  the  same  velocities  shown  in  the  table  will  produce  more 
damage  than  the  4.  54  kg  (10  lb)  mass  presented  in  the  table. 


.  V  . 


( 

( 

TABLE  5-3.  TENTATIVE  CRITERIA  FOR  INDIRECT  BLAST 
EFFECTS  FROM  NONPEN FTRA  TING  FRAGMENTS 


(Reference*  10,  11,  13) 

Extent 

Ma  tt 

Event  o(  Damage 

Imtact  Velocity 

■i.  64  kg 

Crrcb.-al  Conclusion  Mo*tly  "safe" 

3.05  m/s  (10  ft  /sec  ) 

(0  lb  ) 

m 

Thre  ahold 

1.  57  m/s  (15  ft/sec) 

Skull  Fracture  Mostly  "*afe" 

3.  05  m/s  (10  ft/sec) 

Threshold 

4.  57  m/s  (15  ft/sec) 

Near  lOOTo 

7,  01  m/s  (2w  ft/sec ) 

5-2.  3  Example  Calculation*  lor  Determining  Damage  Estimate*  to 
People  from  Secondary  Fragment* 

.l-liLlil/lfi.  Jl 

Environmental  Condition*: 

.  3.  3  x  104  Pa  (0.  53  p»i) 

1  *  1.  16  x  |03  Pa-  •  < 0.  0163  pat/feee) 

it 

n  «■  I.  0135  x  10^  Pa  (M.  3  pbi) 
o 

Prtiet  rating  1  ragmeiit  *  -  Mo  » *,  M  *  0.  6  i  6  V  g  (0.  033  1  t>m ) 

V »•  I o 1  1 1 y  V  -  1  3  1  ft  /sec 

Cross  sectional  .tret  A  along  trajectory 
Ol  fr.ii.-n:- lit  -  0,  0016  m2  (0.  0  I  7  J  ft2) 

Wir,»|i.wi*  i * i  a  nearby  building  ar-  3,  I'/1'  m  (0.  136  in)  tin-  ,  and  ar. 
Ij.  -  •  vi  i  to  tin  .» pj»r  oa  i  turn;  bl  a  -.1  w.r/i  , 

Mol.  |ie  ln-t  r  a  1 1  n  r  f  l.i  g  Inefil  Mass  .*  1  1.  00  kg  (8,  H  Jb^  ) 

V i  1  O'  1 1  y  V  -  3  b  n  i  /  »  ( 7 6  i !  /  s i •  i  ) 


1 


Q^ATJTjj 


From  Equation  (5-3) 


P  P 

r  o 


(0.  854)  (101,  350)  =  87,567  Pa 


/ 


(b)  /  A_'\  .  __L  _ 

M  / j  to 


<-V 

♦ 


/ 


(3,  175  x  10‘3m)  (2,  471  x  103  kg/m3) 


0,  1275  m  /kg 


5-13 


t 


= 

VM  Jl 


1 

o  /R 


From  Equation  (5-7): 


A'  =  (6.4516  x  10‘4) 

2.4  »  <  12.  5  ♦  [(5.8566  x  10'5)  (8.7567  x  104>-  2  - 

X  C 

A'  =  0.  1402  m2 


Therefore. 


(c) 


(d) 


t&-\  -  - i -  =  0.  00108  m2/kg 

'M/2  (2471)  /7TT702 

The  a  mailer  value  for  A/M  (0.  00108  m  /kg)  is 
the  better  choice. 

V5Q  for  A/M  =  0.  00108  m2/kg  can  be  calculated 
from  Equation  (5-1): 

V50  =  (1Z47>  D(°*  00103)  +  22.03 

=  23.  4  m/a  (76.  8  ft/»ec) 

From  Equation  (5-8),  the  striking  velocity  V  is 
V  =  (10.  2539)  +  (1.896  x  1C'4)  (3.  175  x  10'3  - 

7.62  x  iO'V0’928  (0.  3443)  (8.7567  x 

io4,0* 547 


V  =  53.Cm/a(174ft/scc) 

(e)  Since  V  V50.  one  can  expect  some  severe  hotly 
penetration  damage. 


-  16 
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(3)  Nonpenetrating  fragments: 

The  mass  (4.  00  kg)  and  velocity  (2  m/s)  of  the  nonpene* 
trating  fragment  are  less  than  the  mass  and  velocity  re¬ 
quired  for  the  mostly  ".safe"  damage  condition  shown  in 
Table  5-3.  Thus,  one  would  not  expect  deaths  to  result 
from  nonpenetrating  fragments. 
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APPENDIX  V.  A 


EFFECTS  OF  FRAGMENTS  ON  STRUCTURES 


The  structures  that  are  considered  here  are  metal  plates  and  sheets. 
There  does  not  appear  to  be  any  effect  of  the  curvature  of  the  target;  there¬ 
fore,  it  is  reasonable  to  use  data  for  flat  targets  and  apply  them  10  ir/  gen¬ 
eral  shape  that  may  be  of  interest. 

The  methods  described  in  Section  5-1  are  based  upon  an  examination 
of  data  of  fragment  and  hailstone  impact  upon  metal  sheets  and  plates.^ 

In  these  studies,  synthetic  hailstones  (ice  spheres)  were  fired  at  target 
sheets  of  aluminum  alloys,  and  various  shapes  of  fragments  were  fired  at 
steel  targets.  A  model  analysis  was  performed,  using  'he  methods  de¬ 
scribed  in  Reference  4.  The  parameters  of  interest  are  listed  in  Table 
5A-1. 


TABLE  5A-i.  LIST  OF  PARAMETERS 


a  radius  of  fragment  (assuming  spherical 

shape) 

h  thickness  of  target 

V  velocity  of  fragment 

6  permanent  deflection  of  target  at  point 

of  impact 

c  density  of  fragment  (proiectile) 

r 

p  density  of  target 

t 

a  yield  stress  of  target  material 


This  analysis  is  concerned  with  plastic  deformation,  which  makes 
the  parameter  more  important  than  the  modulus  of  elasticity  of  the  tar¬ 
get  material.  Also,  the  iragment  is  assumed  to  be  a  rigid  body,  which 
makes  the  strength  of  the  fragment  an  unnecessary  parameter.  The  model 
analysis  and  a  study  of  the  data  resulted  in  the  nondimensional  terms 
(Table  5A-Z). 


*A  -  1 
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TABLE  ^A-2.  NON  DIM  ENSION  Al.  TERMS 


\  m 

\  t  t 


!  bh 


dimensionless  projectile  velocity 


dimensionless  target  deflection 


dimensionless  target  thickness 


When 


is  plotted  versus 


,  the  data  follow  a  straight 


line  with  some  scatter  in  the  aaca  points  (see  Figure  5*2  in  text).  The  line 
intersects  the  horizontal  axis  at  a  positive  value  of  velocity.  This  is  ex¬ 
pected  because  there  is  a  finite  fragment  velocity  below  which  no  permanent 
target  deflection  occurs. 

Letting  the  velocity  in  the  dimensionless  projectile  velocity  term  be 


the  limit  velocity,  the  locus  of 


'  =  V, 


yes 

t  t 


—  is  linear  with 
a 


the  data  points  lying  within  about  15%  of  the  values  on  the  line  (see  Figure 
5-1  in  the  text).  The  hailstone  impact  data  fall  in  the  region  above  the  line 
(higher  limit  velocity),  and  the  steel  fragment  data  fall  on  and  below  the  line 
(L  ver  limit  velocity).  This  indicates  a  possible  effect  of  fragment  strength. 
For  this  reason  it  may  be  desirable  to  be  more  conservative  with  steel  frac- 
mentj,  choosing  a  lower  limit  velocity,  and  less  conservative  with  alumi¬ 
num  fragments,  choosing  a  higher  limit  velocity. 


A  -  2 
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appendix  v.b 

DAMAGE  ESTIMATES  TO  PEOPLE  FROM 
SECONDARY  FRAGMENTS 


5D-1  Penetrating  rragmcnt* 

Undoubtedly  a  greet  deal  of  research  has  been  conducted  to  nrod-ct 
classified  wound  ballistic*  aquation*  for  the  military  Although  tl  .rough  un¬ 
classified  equationi  of  thjo  type  do  not  exist,  tom*  publicly-  tvailanle  boev 
penetration  data  have  bc?n  accumulated  in  recent  times  and  lorn*  relatively 
aimpte  analyse*  have  been  performed.  Method*  (or  predicting  body  da  me  ft 
from  fragn  eni*  u*iny  frarment  parameter*  available  in  tht*  document  are 
presented  t h t »  appendu:.  More  reliable  damage  criteria  will  undoubtedly 

be  produced  a*  the  itata-cf-the-art  improves. 

hpe  r  raeca  and  Koknakt * ^  * '  2 '  concerned  themeelve*  with  a  ballistic 
li',-.it  vc  1  on  it  y  ior  inimil  target*.  The  V^o  velocity  >•  the  striking  .e- 

l'».:i*y  at  which  one  expects  naif  the  impacting  missile*  to  perforate  an  oiiect. 
They  found  that  thi*  velocity  depended  on  the  area  to  ma**  ret.o,  that  t* 


%  50  *  M 


(S3-  1  ) 


where  A  .«  c  rost- sectional  area  of  the  projectile  along  the  trajectory,  and 
M  ie  the  ma**  of  the  projectile.  They  fired  *teel  cube*,  »phcres  and  crltn- 
de  r  ■  of  various  miuei  up  to  0.  015  kg  (0.033  Ibjy,)  Into  3  mm  (0,  I  18  in. ) 
thick  isolated  *km  (human  and  goat)  to  e*tabli»h  a  ballutic  limit.  One  o; 
thnr  assumption*  was  that,  if  the  projectile  penetrate*  the  *kin,  it*  resid¬ 
ual  velocity  would  be  sufficient  enough  to  cau»e  *evere  damage.  Thi*  cau¬ 
tious  assumption  is  appropriate  for  establishing  a  certain  margin  of  safety 
in  the  calc  illation.  Their  conclusions  were  that,  >n  the  range  of  their  data 
for  « t c«r  1  cube*,  sphere*  and  cylinders,  V  3  0  depended  linearly  on  projectile 
A/M  ratio.  Specifically, 


1?I7.  1  {  r:  *  22.  03  in /  » ' 

m  ,  s  M 


(3  3-2/ 


whtre  A/M  i*  in  m’/kg,  and  V .  ^  i*  in  m/s. 


Equation  (5B-2)  ha*  been  adjusted  for  51  inits. 


%‘r 


I 


Kokinakis  later  fired  plastic  sabots  end-or.  into  20"'u  gelatin  that 
was  1  cm  thick.  The  sabots  were  fired  end-on  since  this  represents  the 
’*wor  sCcase,  dhd  20#’-  gelatin  was  used  because  this  ballistically  simulates 
isolated  human  skin.  The  linear  relation  of  versus  A/M  formulated 
bv  Sperrazza  and  Kokinakis^)  is  plotted  in  Figure  513-1.  The  average  values 
for  these  experiments  ate  located  on  this  graph.  Circles  on  the  figure*  rep¬ 
resent  the  initial  experiments  using  steel  cubes,  spheres  and  cylinders 
weighing  up  to  0.015  kg  (0.033  lb,^),  and  each  average  value  represents  as 
many  as  30  data  points.  The  line  drawn  on  the  graph  is  a  least  squares  fit 
to  these  average  values.  Upward  pointed  triangles  represent  the  average 
values  for  the  subsequent  experiments  with  end-on  piastre  sabots.  These 
average  values  also  lie  near  the  line  drawn  for  the  prior  study,  thus  adding 
a  degree  of  confidence  in  the  analysis. 

Unfortunately,  other  authors  have  not  presented  their  penetration 
data  in  the  same  lorni  as  Sperrazza  and  Kokinakis.  GlasstoneO)  expressed 
the  probability  of  glass  fragments  penetrating  the  abdominal  cavity  in  terms 
of  the  mass  of  the  glass  fragments.  To  compare  Glasstone's  conclusions 
with  that  of  Sperrazza  and  Kokinakis,  it  is  necessary  to  make  a  few  assump¬ 
tions.  The  first  assumption  is  that  the  glass  fragment  velocity  for  50"'* 
probability  of  penctraiion  of  the  abdominal  cavity  is  biologically  equivalent 
to  the  ballistic  limit  velocity  Vjq  fer  penetrating  isolated  human  skin.  This 
assumption  is  true  provided  that,  after  the  glass  fragment  penetrates  the 
skin,  it  does  no*  encounter  too  much  resistance  before  it  perforates  the 
abdominal  cavity.  Glasstone  only  specifies  the  mass  of  the  glass  required 
for  penetration  and  does  not  give  its  cross-sectional  area,  thickness  or 
density.  For  the  purpose  of  comparing  the  conclusions  of  Glasstone  with 
those  of  Sperrazza  and  Kokinakis,  it  was  assumed  that  glass  fragments  are 
propelled  edge-on,  which  is  probably  the  worst  case,  and  that  they  are 
square  with  thicknesses  of  3.  175  mm  (1  /8  in.  )  to  0.  35  mm  (1  /4  in.  ).  It 
was  also  assumed  that  the  glass  fragments  have  an  average  density  of  2471 
kg/m^.H)  With  these  assumptions,  it  is  not  difficult  to  calculate  A/M  . 

If  the  glass  fragment  has  a  thickness  t,  and  edge  length  y,  then  for  volume 

V  -  y2t  (513-3) 

w  here 

V  *  volume  of  the  fragment 

y  -  edge  length 

t  =  thickness 

Thus,  the  mass  m  of  the  fragment  is 


m 


(SB- 4) 


2 

=  oy  t 

where  C  is  the  density  of  the  class.  Rearranging  Equation  (5B-4)  gives  the 
edge  length. 


M 

Y  =  "A  ~ 

The  area-to-mas s  ratio  A/M  ,  assuming  edge-on  impact,  is 

A  t  y 
M  *  M 


(iB-o) 


or  from  Equations  (5B-4),  (5B*5)  and  (5B-6), 


M  *  ~V  7^  <5R-7> 

Classtor.e's  criteria  for  50n'o  probability  of  glass  fragments  pern.*  ratine  the 
abdominal  cavity  are  shown  in  Table  5B-1.  This  table  also  contains  the  esti¬ 
mates  for  A/M  for  glass  thicknesses  of  3.  ITS  mm  (1/8  in.)  and  o.  35  mm 
(1/4  in.).  The  velocity  values  and  calculated  values  lor  A /M  which  fall  in 
the  range  of  values  used  by  Sperrazza  and  Kokinakis  are  plotted  as  squares 
in  Figure  SB-1.  The  dashed  lines  indicate  a  range  of  A/M  values  for  thick¬ 
ness  values  from  2 .  175  mm  (1/8  in.  )  to  6.  3  5  mm  (1/4  in.  ).  Even  with  the 
crude  assumptions  mentioned  above,  the  calculated  points  fall  very  near  the 
line  drawn  on  Figure  5B-1. 

(5) 

White  also  related  skin  penetration  velocity  to  the  masses  impact¬ 
ing  fragments.  He  concluded  that  slight  skin  laceration  occurred  when 
spherical  bullets  with  mass  0.  0087  kg  (0.  0  1  °1  lbnl)  were  propelled  into  tl.c 
body  at  57.  Q  m/s  (lQ0  lt/scc).  Assuming  that  the  density  5  ol  steel  is 
7°25  kg/m^,  the  A /M  ratio  can  be  calculated  from 


(5  B-S) 


where  r  is  the  radius  of  th*-  spherical  penetrator  or 
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TABLE  5B-1.  50  PERCENT  PROBABILITY  OF  CLASS 

..FRAGMENTS  PENETRATING  ABDOMINAL 
CAV7TY<J>* 


Mass  o(  Class  A/M  A/M 

Fr*|tnent  Impact  Velocity  Cl.  175  mm  { 1  /8  in. )  thick]  [6.  35  mm  (1  /4  in. )  thick? 
kg  m/s  (ft/s«c)  m2  /kg  m^/kg 


0.0001 

125 

(410) 

0. 11)6 

0. 1603 

0.0005 

84 

(275) 

0. 0507 

0.0717 

0.001 

75 

(245) 

0.0358 

0.0507 

0.01 

55 

(HO) 

0.0113 

0.0160 

*TaM«  5B-1  ha*  o«en  adjusted  (or  SI  units. 


Using  Equation  (5B-9)  and  the  mass  and  density  mentioned  above.  A /M  be¬ 
comes  0.0148  in’  /kg.  The  velocity  value  given  above  (57.  o  m/s)  and  the 
calculated  value  for  A  /M  are  plotted  on  Figure  5B-1  as  a  downward  nomted 
triangle.  This  point  appears  to  be  a  little  higher  than  expected.  especially 
since  only  slight  akin  laceration  is  expected  at  these  velocities  instead  of 
5()%  penetration. 

(0) 

Custard,  et  al.  .  like  Glasstone,  specify  velocity  as  a  function  of 
mass  only  for  50%  penetration.  Making  the  assumptions  that  the  thickness 
of  the  glas  s  can  vary  from  3.  175  mm  (1/8  in.)to  6.35  mm  (1/4  in.),  that 
the  fragments  travel  edge-on  and  are  square,  and  that  the  density  of  glcss 
is  2471  kg/m^,  A/M  was  calculated  from  Equation  (5B-7).  The  result*  are 
plotted  on  Figure  5B-1  as  diamonds  and  agree  fairly  well  with  the  conclusions 
of  Sperra»za  and  Kokinakis.  Thus,  lor  values  of  A/M  up  to  0,  Cr-  and 

values  of  M  up  to  0.015  kg  (6.  033  ibm).  the  functional  relationship  expressed 
in  Equation  (5B-?.)  and  drawn  *  s  a  solid  line  in  Figure  5B-1  is  an  adequate 
representation  of  50%  probability  of  skin  penetration  by  a  projectile  that  can 
result  in  serious  wounds. 

Estimates  of  velocities,  presented  areas  and  masses  .up  to  n,ol"i  kg 
(0.033  lbm)’  ol  fragments  from  a  prnpe’.iant  or  gas  explosion  can  be  acquired 
from  other  portions  of  this  document  and  compared  with  Figure  5F<-1  to  de¬ 
termine  if  penetration  is  likclv.  No  estimate,  however,  oi  the  velocity, 
mass  and  area  of  window  glass  liagrrcnts  has  beer,  made  elsewhere  m  this 
report.  Since  ivoui.^irg  from  flying  class  is  a  m a : o r  concern,  a  method  in r 
determining  these  parameters  will  be  included  here.  Fletcher.  Richmond 
and  Jones^'  conducted  blast  experiment*  to  obtain  iniormation  on  class 
fragments  from  breaking  window  panes.  F  i  cm  their  st.uistica)  analysis  o: 
the  data,  they  were  able  to  establish  functional  relationships  among  several 
variables.  To  be  able  to  be  used  in  conjunction  with  the  work  cf  fsperrar.r.a 
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If  all  glass  fragments  travel  flat  side  forward,  then 


A  =  A' 


If  all  glass  '  nents  travel  edge  forward,  then 
A  =  t  J  A 

Thus,  ior  these  two  cases,  the  ratio  A/M  is 

A_  .  J_ 

M  'to 


(5B-IS) 


(SB-16) 


(5  B-  1 7 ) 


0  /A 1 


(SB-  18) 


Whichever  gives  the  lower  value  for  A/M  should  be  chosen  for  safety  rea¬ 
son*.  Tlite  <c  of<  ifct  r  it.  ln«in  Velocity  can  be  acquired  from  Fletcher,  cl  »\  J  ^  ^ 

After  converting  their  equations  to  SI  units, 

4  ,  -0.O28  ’ 

.  >■  (0.203f)  +  (1,890  k  10  )  (t  -  7.02  r  10"*)  : 

0.  547 

'  0.  3443  Fe  (SB-191 

ior  l'e  In  the  range  090  1’*  to  089  hPs  and  t  >  7,  62  v  JO  ^  m. 


A  summary  of  the  methods  for  determining  the  corr.blnauonc  cl  pa¬ 
rameters  which  may  produce  serious  p«  nctraticir  ds'iiage  'rorn  'riyment* 

1<  *<  thsn  0.015  1  g  (0,033  lb  )  is  given  here  fur  <-onv*nle»  ce.  To  determine 
whether  a  fragment  «  i  cause  severe  body  pn'.r' "4!  on  damage,  It  Is  neces* 
sary  to  determmt-  n  s  si  rlhiriu  velocity  ''  (in  in/s)  and  A/M  ratio  here  A 
:»  the  cross-sectional  area  ol  the  projectile  a 'on  (  j  •,  l/ijettciry  (in  n.2)  and 
M  1*  1 1«  t»  roast  Ol  the  projectile  (|n  )  'I  hv*e  parameters  can,  In  general, 

be  deter  mined  from  .,lh<  r  portions  ol  tins  handbook,  Tie  ballistic  limit 
I  O'  I'y  V  ,  t)  (In  m/«)  IS  then 


1247,  I 


i!  /  ,  03  iii  /  • 


r  •>. ; oj 


or  A  /  M  <  o,  n  •  '  /  h|  where  A  i  s  t  he  i  rm  *  ■  **c  1  loos  I  a  r  ec  of  the  f  r 
i'i,l  iilm  i  :li  trrjiii  li  c,  ;>i  r  .2  ,  M  la  the  limes  of  the  I  r»  yment  In  kg,  a  tie 


M  -  7 


is  the  ballistic  limit  velocity  in  m/s.  If  V  -  V50  ■  then  one  can  expect 
some  serious  wcunds  from  body  penetration. 

To  determine  whether  a  glass  fragment  from  a  window  pane  broken 
bv  the  blast  wave  can  cause  severe  body  penetration  damage,  it  is  neces¬ 
sary  to  calculate  an  effective  peak  overpressure  Pc  where 

P  =  P  p 

V  so 

tor  windows  oriented  side-on  or  back-on  to  the  approaching  blast  wave 
(pQ  is  atmospheric  pressure  in  Pa;  see  Figure  5B-2),  or 

P  -  P  p 

e  r  o 

for  windows  oriented  face-on  to  the  approaching  blast  wave. 

For  r'  <  3. 


Pr  ’  +  (Y  -  1)77 +  *  “ 


whu  re  i  s  1 . 4 . 

For  P,  '3.5,  Pr  can  bv  acquired  directly  from  Figure  5B-J.  The 
ratui  A./M  »>ould  bt  chosen  as  tk  .*  smaller  of 


Striking  velocity  V  {in  m/s)  is 

.4  .4  *0-928  = 

V  =  (0.2539)  +  (1.896  x  10  )  (t  -  7.62  x  10  ) 

x  0.3443  P°‘  547  (3B-27) 

e 

for  Pe  in  the  range  690  Pa  to  689  kPa,  and  t  >  7.  62  x  1 0"4  rr..  If  V  >  V 
then  one  can  expect  some  serious  wounds  from  body  penetration. 

5B-2  Nonpunetrating  Fragments 

Criteria  for  body  damage  from  nonpenetrating  fragments  are  rather 
limited.  'Lable  5B-2  contains  tentative  damage  criteria  for  indirect  blast 
effects  involving  nonpenetrating  objects.  It  should  be  noted  that  the  table 
kp^-lits  to  a  fragment  of  only  one  mass.  One  can  logically  assume  tlwat 
lavgtr  ruassos  propelled  at  the  same  velocities  shown  in  the  table  will  pro- 
dice  more  damage  than  the  5.  54  kg  (10  lb)  mass  presented  in  the  table. 


TABLE  5x3-2.  TENTATIVE  CRITERIA  FOR  INDIRECT  DLAST 
EFFECTS  FROM  NONF  ENFTRATINC  FRAGMENTS^'  *  1 ) 


Extent  of 


Mass 

.Event 

Damage 

Impact  Velocitv 

4.  54  kg  (10  lb) 

Cerebral 

Mostly  "safe" 

3.05  m  it  (IP  ft /sec  ) 

C  oncun  sion 

Threshold 

4.57  r,i  ft  (15  f\  /sec  ) 

Slut1. 

Mostly  "safe" 

3.  05  m/s  (10  ft  /sec ) 

F  nteture 

Threshold 

4.  57  m/s  (15  ft/se(  ) 

Near  1007. 

7.  01  m/s  ( ?.‘i  ft/s ec) 

7"  f  J  -  * 
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CHAPTER  V: 


N76-19302 


RISK  ASSESSMENT  AND  INTEGRATED  EFFECTS 


o-l  Risk  Assessment 

A  systematic,  effective  approach  is  required  to  identify  the  type, 
magnitude,  and  probability  of  occurrence  of  undesired  events  ir,  the  opera¬ 
tion  of  any  given  system.  Certain  well-known  related  techniques  have  been 
used  in  industry  (chemical,  aerospace,  nucletr  and  defense)  to  accomplish 
this  result.  These  systems  analyses  are  alternately  referred  to  as  "Hazard 
Analysis,  ’’  "Safety  Analysis,  "  "Risk  Assessment"  and  "Reliability  Analysis.  " 

Three  basic  related  systematic  methods  are  employed,  either  singly 
or  in  combination,  to  accomplish  these  types  of  analyses.  These  methods 
are: 

(’)  Even*.  Tree  -  Starts  with  an  event  that  initiates  a  possible 

accident  and  develops  the  possible  conseouer.ee* 
of  the  event  by  considering  the  response  o  engi¬ 
neered  safety  systems  that  would  be  called  upon 
as  a  result  of  the  initial  event. 

(Z)  Fault  Tree  Provides  a  method  lor  detcrrnnini:  the  proba¬ 
bilities  n<  eded  for  the  event  trees.  Fault  trees 
employ  s  losic  almost  the  reverse  of  event  trees 
in  that  they  start  with  an  undesired  e\*r.t  and 
identify  the  ways  n  mav  have  been  caused. 

(3)  FMECA  The  Failure  Mode  Effects  and  Criticality  Analy¬ 

sts  is  a  systematic  procedure  for  identifying 
each  failure  mode  of  the  system  and  for  evalu¬ 
ating  the  consequences.  The  FMECA  start* 
with  tlit  component#  ol  the  system,  work*  up 
through  the  subsystem  to  ihe  system  le*. *1,  ar.d 
identifies  the  effect*  of  each  failure  rrr or. 
the  system  operation. 

An  example  cf  a  simple  event  tree  is  shown  In  Figure  t-l  and  »  sim¬ 
ple  fault  tree  in  Figure  n-Z  for  a  chemical  spill  in  a  storage  transfer  s-.siem. 
Given  sn  outcome  from  the  event  tree,  a  spill  magnitude  is  defined.  Tor  each 
spill  magnitude,  a  hazard  or  risk  assessment  can  he  made.  From  the  fault 
tree,  the  probabilities  oi  failure  are  determined  to  assign  to  each  brand)  of 
the  event  tree,  Then,  the  probability  (or  expected  frequency)  of  occurrence 
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is  determined  by  the  proper  algebraic  combination  of  the  branch  probabili¬ 
ties  leading  to  the  outcome. 

Examples  of  these  types  of  analyses  can_be  found  in  references  l. 

2,  3,  4,  and  5. 

For  gas  vessel  or  propellant  systems,  the  figures  and  methods 
described  in  Chapters  I  through  V  can  be  used  to  assess  the  possible  effects 
of  any  given  undesired  event  based  on  the  characteristics  of  fragments  (mass 
initial  vclccity,  and  range)  or  blast  phenomena. 

The  workbook  does  not  give  methods  for  estimating  probabilities 
of  catastrophic  events  occurring,  nor  does  it  employ  the  methods  of  risk 
assessment  just  discussed.  It  does ,  however,  allow  prediction  of  severity 
of  certain  classes  of  accidental  explosion,  as  well  as  effects,  under  tbe 
assumption  that  an  explosion  does  occur. 

6-2  Prediction  of  Relative  Blast  and  Fragment  Effects 

In  Chapters  II  through  IV,  we  give  a  number  of  examples  of  specific- 
calculations  for  use  of  graphs,  tables  or  simple  equations  each  of  which 
provides  an  estimate  of  some  aspect  of  explosion  hazards  or  their  effects. 

But  here  we  give  a  series  of  more  complete  examples.  Each  example 
represents  a  possible  accident  which  can  occur  at  aerospace  launch  or 
test  facilities.  Our  assessment,  as  is  true  for  all  such  estimates  which 
can  be  made  from  this  workbook,  starts  with  the  assumption  that  an  accident 
has  occurred  and  does  not  consider  the  probability  of  occurrence.  Five 
different  accident  'scenarios'1  are  presented,  and  estimates  of  blast  and 
fragmentation  effects  arc  made  for  each  scenario.  The  quantitites  of  prop¬ 
ellant,  volumes  and  ty"cs  of  compressed  gases,  masses  of  vehicle  structure, 
etc.,  are  often  approximate,  but  they  arc  realistic  values.  The  problems 
arc  intended  to  illustrate  the  way  in  which  the  data  in  Chapters  !l  through 
IV  can  be  used  to  estimate  relative  blast  and  fragment  character  ist  ics.  tor 
some  ''typical''  accidents. 

6-2.  1  Scenario  *1.  Fall-back  of  Space  Shuttle  during  launch. 

The  scenario  for  this  accident  is  a  failure  of  thrust  just  after  lift-off 
of  the  space  shutll':.  This  multi-stage  vehicle  is  a  large,  winged  arbiter 
and  landing  vehicle  similar  in  configuration  to  a  large  aircraft,  whkh  is 
boosted  by  the  solid  propellant  rocket  engines  and  a  liquid  fueled  engine. 

At  lift -off,  all  three  engines  art  firing  and  delivering  thrust.  The  irhii  !«■ 
is  assumed  to  rise  at  must  a  few  meters,  and  then  to  fall  back  onto  the  launch 
pad  w  it  h  suff  u  lent  impact  veloc  it  v  to  rupture  the  liquid  roc  kcl  tanka  c*--  1  he 

propellants  mix  on  the  ground  surface  and  reach  an  ignition  source  after 
some  t  imo  delay. 
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Data  for  typos  and  amounts  of  propellant  in  the  Space  Shuttle  at 
lift-off,  flow  rates,  and  estimates  of  structural  weight  are  given  in  Table 
6-1.  Because  this  accident  occurs  immediately  after  lift-off,  all  propellant 
weights  are  (conservatively)  assumed  to  be  the  same  as  at  lift-off.  Assuming 
fail-back  under  gravity  from  a  height  of  10  meters  (33  ft),  the  impact  velocity 
is  =  14.  0  m/s  (45. 0  ft/ sec). 

The  propellants  in  the  solid  propellant  boosters  are  assumed  not 
to  be  explosive.  This  assumption  seems  well  founded,  based  on  the  extensive 
touting  of  dotonability  of  solid  propellants  in  Project  SOPHY.  Furthermore, 
the  quantities  of  liquid  propellants  listed  for  the  first  four  subsystems  in 
Table  6-1  are  relatively  small,  and  the  type  of  accident  postulated  would  be 
unlikely  to  rupture  tanks  containing  these  propellants.  So.  we  assume  for  this 
example  problem  that  only  the  external  tank  ruptures  and  spills  its  propellants 
in  a  CBGS  type  of  accident.  For  estimating  fragmentation  effects,  we  also 
use  only  the  structural  mass  of  the  damaged  external  tankage. 


A  number  of  other  hazards  arc  obviously  associated  with  this  type 
of  accident,  but  some  are  not  calculable  from  methods  given  in  this  workbook. 
In  particular,  the  trajectories  and  impact  effects  of  the  propulsive  solid  pro¬ 
pellant  boosters,  which  are  burning  and  thrusting  when  fall-back  occurs, 
cannot  be  estimated.  Presumably,  the  orbiter  with  its  human  payload  can 
escape  by  igniting  escape  rockets  in  the  event  of  fall-back.  If  wc  can  estimate 
its  flight  location  when  explosion  occurs,  some  predictions  of  blast  effects 
can  possibly  be  made.  But,  we  have  too  little  data  m  hand  at  present  to  make 
this  c st imate. 


6-3.  1 .  1  Yield 


The  yield  is  calculated  by  the  methods  in  Chapter  I.  According  to 
T able  1  -  2 .  Equal  ion  1-2  and  Figure  1-7  are  used  to  determine  a  value  for  the 
yield,  which  is  compared  with  a  value  obtained  from  Figure  1-1.  The  smaller 
value  is  used: 

4 .  4  3  j" 

Equation  1-2:  Y  -  10%  +  u  U  (0  <  *J  <  t4.  4  m/s) 

m  (m/s)  i  t 


.  ,0*-.  .t-O’U'-co.  m/n  , 

(m/s) 


In  Figure  1-7,  choose 
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From  Figure  1-1  (using  a  total  propellant  and  oxidizer  mass  of  7  1  1  000  kg  1, 
y  s  0.06.  The  multiplier  is  370%.  Y  £  (0.  06)(370%)  =  22.2%.  Choose 
the  lower  value  of  Y  which  it  22.2%. 


6-2.  1.2  Overpressure  and  Specific  Impulse 


The  overpressure  and  specific  impulse  are  calculated  by  the  methods 
in  Chapter  II.  The  effective  mass  is  calculated  from  Equation  2-9; 

=  w  X  Y  .  Table  2-1  gives  the  procedure  for  finding  the  overpressure 


.100 


and  specific  impulse  as  functions  of  distance: 


W  =  W  X  tJq  =  (711000  kg)  =  I53COO  kg  (348.  000  lb^. 

According  to  Table  2-1,  the  overpressure  is  read  from  Figure  2  - lo,  and  the 
specific  impulse  is  read  from  Figure  2-17. 

The  following  (Table  6-2)  is  a  list  of  overpressures  <P  i  ana 
specific  impulses  il  )  from  Figures  2  -  16  and  2-17  The  solid  ^ir.es 
ir.  these  figures  were  used.  The  other  terms  in  Table  o-2  will  he  explained 
lau-r . 

o-2.  1.3  Effect  of  Blast  Waves  on  Structures. 

The  methods  described  in  Section  3-1  arc  used  n  determine  the 
effects  of  blast  waves  on  structures. 

Class  Breakage 

Equation  3-1  relates  overpressure  for  class  breakage  to  the  pr'>p- 
erties  of  the  class  pane. 


6-7 


-'■’I 


psi -  sec 


P  -  ZP  for  a  blast  wave  strikini;  a  window  head-on. 
r  s 

P  -  P  for  a  blast  wave  traveling  parallel  •<>  the  surface  of  the 

glass. 

X  . *  ' 

It  can  be  shown  that  P  increases  as  — •  increases.  For  the 
Jowest  P  to  break  any  kind  of  glass  that  is  likely  to  be  found,  choose 
^  =  0.  20r  and  X  =  0.  300  m  (0.  98  ft).  Then.  P  =  2420  Pa  (0.  3$  1  psi) 
for  class  breakage  with  the  glass  surface  perpendicular  to  the  direction  of 
travel  of  the  blast  wave.  P  r  4840  Pa  (0.702  psi)  for  glass  breakage  with  the 
direction  of  propagation  of  tfU  blast  wave  parallel  to  the  surface  of  the  window. 

Looking  at  the  data  in  Table  6-2,  it  can  be  seen  that,  for  no  glass 
breakage  with  windows  facing  the  source  of  the  blast  wave,  the  distance 
must  be  much  greater  than  1080  m  (3500  ft).  (By  extrapolat ing  curve  <■  1 , 
the  i  vs  P  curve  in  the  next  Figure,  Figu-e  6-3,  it  appears  that  the 
distance  for  an  overpressure  of  2420  Pa  is  near  2000  m  (6000  ft).  )  With 
the  glass  surface  parallel  to  the  direction  of  travel  of  the  blast  wave,  the 
distance  for  no  glass  breakage  must  be  about  1100  m  (3b00  ft.  ). 

Building  Damage 

The  degree  of  building  damage  as  a  function  of  distance  from  the 
source  of  the  blast  wave  can  be  observed  in  Figure  6-3.  Figure  6-3  is  a 
copy  of  Figure  3-2,  with  the  (impulse,  overpressure)  points  for  selected 
distances  R.  The  (i  ,  P  )  paths  for  four  of  the  scenarios  to  be  discussed 
in  this  chapter  are  included  in  this  figure.  The  paths  c-oss  the  limit  of 
damage  lines.  By  finding  the  values  of  R  at  which  they  cross  one  knows 
the  minimum  distance  at  which  a  given  degree  of  safety  exists.  One  car. 
interpolate  between  two  adjacent  values  of  R  bv  assuming  a  logarithmic- 
scale  for  R  on  Figure  6-3.  Alternatively,  one  can  determine  the  overpres¬ 
sure  or  impulse  at  the  point  of  the  intersection  of  the  (i  ,  P  )  path  and  the 
damage  limit  curve,  and  then  go  back  to  the  figure  in  the  text  where  the 
overpressure  or  impulse  was  obtained  and  find  the  corresponding  distance. 

The  resulting  building  damage  for  this  scenerio  (#1)  is  presented  in  Table 
b  -  3. 


Overturning  of  Object: 

One  can  us  e  t  he  method  s  of  Section  3"- 1 . 3  to  deter  mine  the  minimum 
distance  from  this  explosion  at  which  a  Saturn  V  rocket  may  be  placed,  for 
wnic'r.  it  will  not  be  overturned  by  the  blast  wave.  Assume  that  the  fueled 
Saturn  V  is  standing  vertically  without  restraints.  Assume  standard  atmos¬ 
pheric  temperature  and  pressure.  Let  h  =  1  10  m  (3b0  ft),  hcg  =  30  m  (100  h 

b  =  10.  I  m  (33  ft).  H  -  10,1m  (3  3  ft),  hL ,  =  h/2  =  53  m  <180  ft),  m  =  2.8  *  10f 
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3.  Pressure  Vs  Impulse  Diagram  for  Huilrlint:  Damage 
with  Blast  Curves  for  Scenarios  I  Throujjh  4 
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TABLE  6-3.  BUILDING  DAMAGE 


Den  roe  of  Damage 


Distance 
( m  I  •  i  ft  l 


threshold  of  minor  structural  damage 

1200 

2'.yo 

threshold  of  major  structural  damage 
(some  load-bearing  members  fail! 

470 

1500 

threshold  of  partial  demolition 

27  0 

0 

kg  (6.2  y  10  Ibrr, ).  and  C  =  1.2.  Then.  A  =  1100  m“  (12000  ft*  I, 

h/b  -  10.9,  and  h  /h  =  0.273.  The  procedure  is  to  find  the  minimum  imoulse 

eg 

i„  for  overturning.  Setting  this  equal  to  the  applied  impulse  i  allows  one 
to  find  the  maximum  distance  for  which  the  vehicle  will  overturn.  For  all 
larger  distances,  the  vehicle  will  not  overturn. 


h/b  is  too  large  for  Figure  3-4,  so  use  Equation  3-4. 


nV'V'2 


=  1.25.  Then  i.  =  5810  Pa  •  s.  (.8427  psi  -  sect 


Let 

This  is  the  r 

is  shown  on  Figure  6-4,  a  copy  of  Figure  3-3.  The  points  la  C_i9/p  H,  P  » 
were  plotted  on  Figure  6-4  for  several  values  of  R.  The  place  where  this 
curve  (curve  t>  1  >  crosaes  the  line  of  minimum  applied  impulse  for  overturning 
gives  the  value  of  R  for  the  "threshold"  of  overturning.  For  Scenario  -•! 
this  distance  is  220  m  (720  ft).  At  distances  greater  than  220  m  (720  ft  , 
a  Saturn  V  will  not  be  overturned  by  a  blast  wave  from  this  explosion. 

6-2.  1 . -i  Effect  of  Blast  Waves  on  Humans 

The  methods  described  in  Section  3-2  arc  used  to  determine  the  effects 
of  blast  waves  on  humans. 


i  =  5810  Pa  •  s  .  Then  a  i  /p  H  =  1.  77  (.  000257  psi 
nimurn  nond  imens  iona  1  applied  impulse  for  overturning  >. 


s  i. 

w  'iic  h. 


W 


c  -  1  1 


SCALEO  TOTAL  IMPULSE 


Lung  Damage 


Figure  3-10  in  Section  3-2  is  used  to  determine  the  extent  of  damage  to 
the  lungs  of  humans  by  blast  waves.  Figure  6-5  is  a  copy  of  Figure  3-10  with 

the  *  s  =, 

<P  .  rjj)  P°*nt3  selected  values  of  R  .  p  =  1.013  x  10  Pc 

p  '  ni  y  ° 

(14.  7  psi).  The  value  of  m  is  chosen  as  5.  00  kg  (11  lb^).  The  same  pro¬ 
cedure  as  the  one  that  was  used  for  building  damage  is  also  used  here  to 
determine  the  values  of  R  for  various  degrees  of  lung  damage.  The  results 
are  presented  in  Table  6-4. 

TABLE  6-4.  LUNG  DAMAGE 


Distance 


Degree  of  Damage 

(m) 

(ft) 

threshold  of  lung  damage 

170 

560 

9l)T« 

100 

330 

1° 

o 

c 

100 

330 

5  0rc 

00 

300 

l(Ko 

70 

230 

1% 

70 

230 

Ear  Damage 

Figure  3-11  is  used  to  determine  the  extent  of  damage  to  the  tars  of 
humans  by  blist  waves.  Figure  6-6  is  a  copv  of  Figure  3-11  in  Section  3-2 
with  the  (P  ,  l  )  points  for  selected  values  of  R.  Table  6-5  shows  the  results. 

c  S 

Note  that  a  /alue  of  R  cannot  be  determined  for  TTS  because  the  curve  lor 
Scenario  «  1  never  reaches  the  TTS  damage  limit  curve,  and  it  is  inadvisable 
to  try  to  extrapolate  this  curve. 
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TABLE  6-5.  EAR  DAMAGE 


Degree  of  Damage 

Distance 

( m  )  (ft  ,i 

temporary  threshold  shift  (TTS) 

over  2000 

over  oOOO 

i °0 \ -  no  los  s ' 

threshold  of  eardrum  rupture 

270 

890 

50-'.  eardrum  rupture 

130 

430 

Skull  F racture 

F inure  3-12  is  used  to  determine  the  chance  of  Skull  F racture  due 

to  bodily  translation  and  impact  mused  by  blast  waves.  Figure  6-7  is  a 

cony  of  Figure  3-12  with  the  *s  points  for  selected  values  of  R. 

s'  1/3 
m 

The  body  mass,  m,  is  chosen  as  5.00  kg  (l  l  lb^).  The  results  arc  pre¬ 
sented  in  Table  6-6. 


TABLE  6-6.  SKULL  FRACTURE 

Distance 


Chance  of  Skull  Fracture 

(m ) 

(ft) 

mostly  safe 

350 

1  100 

t  hres  hold 

3  10 

1000 

5  0"., 

270 

890 

near  lOO'-’i, 

240 

7«0 

Bodv  Translation  anil  Imoacl 

Fuiure  3-16  is  used  to  determine  the  probability  of  mortality  frimi 
whole  bodv  translation  and  impact  upon  a  hard  surface  caused  by  bias;  waves. 

F  i !_■  1 1  n-  6  -  H  is  a  copy  of  that  f  igu  re  w  it  h  t  lie  _  _ ^  point  s  lor  srlrilol 

ni 

values  of  R  .  The  bodv  mass  m  is  chosen  as  5.00  kg.  Table  ('-7  shows  the 
results.  Note  that  no  value  of  distance  is  given  for  near  100b  mortality' 
because  it  is  inadvisable  In  extrapolate  I  he  .  tirvos  m  Figure  n  -S. 


i  u  ore  f>-fi.  !  .cilia)  it  y  from  Whole  Hody  T  r.i  nsl.it  ion.  0  m  Alliludc 
with  Curves  for  Scenarios  I,  and  3 


o  o 


l 


< 


TABLE  6-7.  MORTALITY  FROM  BODY  IMPACT 

Distance 


Degree  <>f  Mortality 

(m  1 

(ft) 

most  lv  safe 

34  0 

1  100 

threshold  of  lethality 

240 

790 

5  081  mortality 

160 

520 

d-2.  1.5  Fragment  Characteristics 

The  initial  fragment  velocity  distribution  is  obtained  from  Figure  4-48. 

95,rc  of  the  fragments  have  an  initial  velocity  less  than  or  equal  to  5  00  m/s 
( loOO  ft/ sec). 

The  fragment  mass  distribution  is  obtained  from  Figure  4-fu.  ?5'"o 

of  the  fragments  have  a  mass  less  than  or  equal  to  120  !tg  ,'254  lb 

m 

The  fragment  range  is  obtained  from  Figure  4-57.  °5-”c  of  the  frag¬ 

ments  will  strike  the  ground  at  a  distance  less  than  or  equal  to  580  m  i  1  t’.'O  ft !. 

6-2.  1.6  Appurtenances 

As  an  example  of  an  appurtenance,  a  cement  block  identical  to  that 
described  ir.  Example  1  of  Section  4-4  will  be  used.  Suppose  that  it  is  located 
at  a  distance  of  108  m  (350  ft)  from  the  source  of  the  ulast  wave,  anu  or.e  must 
know  its  velocity  after  being  picked  up  by  the  blast  wave. 

At  R  -  108  m,  P  =  1.52  x  105  Pa,  P  =  1,50,  and  I  -  7.03  y  10'  Pa  -  s. 
The  nondimensional  impulse  is 


C  l  a 

I  =  D  s  o  _  __ 

s  P  !KH  -X!  '  , 
s  1 


1  ■  0 5  1 7  ■  03  Y  !  0  'i340i 

.  5  2  x  103  ^4(2.  5  )  -  oj 


i .  o  5  . 


Locating  t’ru  (P  .  I  )  ooint  on  Figure  4 -2d,  one  finds  that  Y 
s  s 


VP  A(KH  t  X) 

o  _ 

Via 


-  (3.  5u  1. 013x  1  0~h6. 25)  [4(.  5)  -i  p) 


-  0.  2-t  m,  s  ( 0.  7t>  ft.'sec). 


II.  8  v  10  )(  340  1 


I 


I  ..  .1 

I  •  .  I 


c 

c 

This  eminent  bl  .ck  would  be  thrown  at  a  very  low  velocity. 

<  7;'-27t.T'  EP  bet  oT  Fragments  on  Humans 

The  effect  on  humans  of  flying  glass  from  windows  broken  by  blast 
waves  will  be  considered.  In  Example  1  of  Section  5-2,  the  5 Oh,  penetration 
lirv.it  velocity  for  typical  class  was  found  to  be  23. 4  m/s  (~L.  8  ft  ' sec  ). 

Equation  5-8  relates  striking  velocity  V  to  overpressure  Pe  ,  which  may 
bo  P  or  P  ,  depending  upon  the  orientation  of  the  glass  with  the  blast 

wave . 

-4  ,  -4  -  0.  °28  0  54 

V  =  0.  253^  t  (l.S°b  X  10  )  (t  -  7.  62  X  10  )  0.  344  5  P 


Setting  V  =  V.  one  can  solve  for  the  minimum  P(,  for  human  injury  from 

flvinu  g  las  s .  3  Lett  ing  t  =3.  175  k  10*^  m,  P  =  1 .  96  v  l  O'*  p«,(  2.  84  ps  i  I. 

e  r 

For  windows  wlicrc  the  direction  of  propagation  of  the  blast  wave  is 
parallel  to  the  glass  surface,  Pp  -  P  .  Then  P  -  1 .  a6  »  1 04  Pa  .  From 

c  jj  ^ 

Fycure  2 -In,  R  :  380  m  (1200  ft).  At  any  distance  less  than  380  m,  there  is 
likelihood  ot  human  injury  by  flying  glass  from  windows  with  surlaccs  parallel 
to  the  direction  of  propagation  of  the  blast  wave. 

For  windows  where  the  direction  of  propagation  oj  the  bias:  wav*  is 
normal  to  the  glass  surface,  PQ  =  ?r  .  solving  5-4  for  Ps  and  manipulating 
gives  P .  =  45  ;c  If.  ^  Pa  ( 1 .  3T  ps  i).  Froni  Figure  2-10,  R  -  '4  n  m  (2  !  Oil  :b, 

Tables  :  -8  and  o  -  -  s  uv.niarize  the  dar.  age  and  injury  thai  can  l.u  r  v  pet  1  nl . 

c-2.2  Scenario  ti.  Explosion  o(  Spice  Shuttle  Propellant  Tanks  in  Early 

Stages  of  Flight 

Ln  this  "scenario",  the  Space  Shuttle  has  lifted  off  from  the  pad  and 
started  its  ascent.  A  failure  occurs  m  the  tankage  for  the  main  liquid 
propellant  rocket  engine,  causing  the  LH^  and  LO  to  mix  and  ignite  within 
the  tanks  (CUM).  The  explosion  occurs  at  about  100  m  (3280  ft)  altitude, 
where  ground  reflections  do  not  affect  the  blast  wave  properties.  Thus 
altitude  is  not  great  enough,  iiowever,  to  affect  blast  wave-  characteristics 
other  than  bv  lack  of  crour.d  reflection.  The  in'tial  quantities  ol  propellants 
at  lift-off  are  given  in  Table  6-1.  Assuming  30  seconds  of  prop.'llan!  i  onsiinn- 
tinn,  i-en.HninL  weights  .ire: 

.  . I e r  n , 1 1  lank  1 . 1 1  ( ,  75  V 1 1 1 )  kg  i  1  (> 7 , 0 U  ( )  lb  i 

w  n: 

L o  ,  ;44  <100  ku  (f'T7.  000  lb  ) 

Z  !11 

Sx)inl  I’roocllantjs  -  000  ku  (i, '*3  0,  000  lb  ) 

m 


I 


0 


TABLE  6-J3  SCENARIO  I:  DAMAGE  TO  STRUCTURES 

Distance 


Damage  to  Structure's 

(ml 

IfLl 

t !' v e si'.. ild  •  > \  overturning  Saturn  V 

220 

72  r 

ti  '-i  s ! : v » Iri  e  .Icnioli.’.  ion 

i  i  >"i 

-  1  i  : 

thresh")':  .  -i'  l  l".-  <•  .-iu  iur.il  <1  m-mgr 

•)  T  •  i 

1  .  ,11 

■'7''..  o'  fr.vv  iMui'.i  s  will  strike  the  ground 
within  tr.i.s  distance 

380 

1  .*  ■ )  0 

threshold  oi  s  id  c  -  or.  class  oreakage 

1  100 

2  ijOD 

tii resliold  of  minor  .structural  damage 

1200 

3^00 

i iir eshoici  of  face -on  plass  breakage 

2  C  DC 

e  000 

TABLE  6-9  SCENARIO  1: 

HUMAN  INJURY 

Human  Injury 

L’ist  ancs 

(m) 

(ft) 

l',j-10<T»  survival  (lunt  damage) 

70 

230 

50°,.  survival  (lung  damage! 

90 

3  00 

c)0-°r>ra  survival  (lung  damage) 

100 

330 

2  ’",  eardrum  rupture 

130 

430 

6  0’.-  mortality  from  body  impact 

160 

320 

threshold  of  lur.c  damage 

170 

360 

near  1  0,;  chai.ce  of  skull  fracture 
threshold  of  lethality  from  body  impact 

240 

7 0 

r 


I 


c 

c 

- TA13-LE  6'9  SCENARIO  l ;  HUMAN  ! 

Human  Injury 

threshold  of  eardrum  rupture. 

50c‘c  chance  of  skull  fracture 

threshold  of  skull  fracture 

mostly  safe  from  body  impact  injury 

mostly  safe  from  skull  fracture 

threshold  of  injury  from  flying  ^lass  (side-on) 

threshold  of  injury  from  flying  glass  (face -on) 

temporary  threshold  shift  (hearing) 


(CONC  LUDED) 


Di  stanc  e 


<  m ) 

(ft) 

2?0 

b')0 

3  10 

1000 

340 

1100 

350 

1100 

380 

1200 

640 

2100 

over  2000  over  6000 


In  this  type  of  accident,  we  can  estimate  explosive  yield  and  blast 
e  fleets,  .  as.  wiiil  &&.  tnit  ial  velocit  ies  of  fragments,  making  the  same  res¬ 
trictive  assumptions  as  for  Scenario  ;i  i.  But,  fragment  trajectories  and 
impact  conditions  cannot  be  estimated,  because  all  of  the  graphs  in  Chapter 
IV  rcl.it  mg  I'1  these  propenies  nf  fragments  arc  based  on  explosions  which 
ov  ,  nr  on  the  ground  surface.  ",  !;c  met  hods  for  computing  fragment  Ira- 
jei  tories  arc  applicable,  but  the  appropriate  computer  programs  nave  not 
been  exercised  for  initial  conditions  of  significant  altitudes  above  the  ground. 
Because  we  cannot  estimate  impact  conditions,  we,  of  course,  cannot  use 
the  methods  of  Chapter  V  for  predicting  damaging  effects  of  fragments. 

0-2.2.  1  Yield 


The  yield  is  calculated  by  the  methods  in  Chapter  I.  According  to 
Table  1-2,  values  for  the  yield  are  obtained  from  Figures  1-1  and  1-6, 
and  the  lower  value  is  used: 

From  Figure  1-1,  for  a  fuel  and  oxidizer  mass  of  5.20  x  102  kg, 
y  -  0.06.  The  multiplier  is  370%.  Y  =  <0.  06  )(370%)  =  22.2% 


In  Figure  1-6,  choose  t 
Using  the  lower  value,  Y  =  22. 


ignition 
Z  /  0  . 


for  maximum 


Then  Y  =  5  8% 


The  overpressure  and  impulse  curves  for  propellant  explosions  were 
obtained  from  data  of  explosions  occurring  on  the  ground.  An  argument 
similar  to  that  used  in  Section  A-2-6  can  be  used  here.  The  ground  explosion 
can  be  approximated  by  the  vessel  in  Figure  A2-4b,  where  half  of  the  energy 
is  released  above  the  ground.  T o  apply  the  analysis  to  an  explosion  in  free 
air,  the  energy  (or  yield)  must  be  halved.  Then  Y  -  11.  1%. 

6-2. 2. 2  Overpressure  and  specific  impulse 

The  overpressure  and  specific  impulse  are  calculated  by  the  methods 
in  Chapter  II.  The  effective  mass  is  calculated  from  Ecuation  2-9: 

vV  '•  W...  x  -j—  .  Table  2-1  gives  the  procedure  for  finding  the  overpressure 
and  specific  impulse  as  functions  of  distance: 


'X 


20 


102  kg 


11,  1% 

100% 


=  57  500  Cg  . 120, 000  lb  ■ 

m 


According  to  T  able  2-1,  the  overpressure  is  read  from  Figure  2-14,  and 
the  specific  impulse  is  read  from  Figure  2-15. 

The  tollowing  (Table  6-101  is  a  list  of  overpressures  (P)  and 

s 

specific  impulses  (I  )  from  Figure  2 -  14  and  2  - 15 .  The  solid  lines  in  these 
figures  were  Used. 


t>-2.  2.  3 


Effect  *«T  Slast  -W aves-on  St-ructurcs 


The  inellmds  described  ■  r>  Seition  3-1  ,irr  list'd  to  determine  l h « • 
ellrcls  <>l  blast  waves  on  si  met  tires. 

Glass  Breakage 

In  Scenario  ?  I,  it  was  found  that  the  minimum  overpressure  to  breal< 
a  typical  pane  of  class  facing  the  explosion  is  2420  Pa.  For  a  pane  of  class 
parallel  to  the  path  of  the  blast  wave  the  minimum  overpressure  required  to 
break  it  is  4840  pa.  We  are  concerned  with  damage  on  the  ground.  The 
blast  wave  will  be  reflected  by  the  ground.  Therefore,  the  reflected  over¬ 
pressure  is  important  here.  Replace  P  by  P  and  calculate  the  new  P  . 
From  Equation  2-3,  P  =  2420  Pa  ( 0.  3§  1  ps  i ).  T  P  =  1280  Pa  (0,136  psiS>. 
For  P  =  4840  Pa  ( 0.  762  ps  i ),  P  =  2420  Pa  (0.35s!  ps  ib  As  in  this 
particular  calculation,  P  and  ?  will  be  used  in  p'ace  of  P  and  I 

throuchout  this  scenario.  From  Figure  2-14,  one  would  expect  to  be 
able  to  obtain  the  distance  at  which  these  overpressures  would  be  observed 
for  Scenario  =Z.  For  P  =  2420  Pa,  or  P  =  1280  Pa  a  value  of  R/Wl/_i 
cannot  be  read  from  Figure  2-14,  but  it  can^ic  seen  that  the  distance  R 
must  be  over  1000  m  (3000  ft).  Therefore,  glass  breakace  will  occur  on 
the  ground  below  the  explosion. 

Building  Damage 

The  (i  .  P  )  points  for  selected  values  of  13  for  Scenario  =2  are 
5  s 

inc  hid'  ’  in  Figure  o-3.  Using  the  same  techniques  as  in  Scenario  =  1 .  but 
using  the  reflected  overpresrurcs  and  impulses,  Tableo-llwas  assembled. 
(The  reflected  impulses  arc  calculated  by  Equation  2-4).  For  this  explosion 
at  an  altitude  of  1000  m,  there  might  be  building  damace  on  tne  ground 
(possibly  minor  structural  damage). 


TABLE  6-11.  BUILDING  DAMACE 


Dec  r  ce  of 

Damace 

Distance 

<m  )  1  ft » 

threshold  of  minor 

structural  damage 

over  800 

over  IvOj 

threshold  of  major 

structural  'damage 

45  0 

15  00 

threshold  of  partial 

demoltt  1  on 

300 

980 

'.-2.2.4  Eifect  ol  Blast  Waves  on  Humans_ 

The  methods  described  in  Section  3-2  are  used  to  determine  the 
effects  of  blast  waves  on  humans. 

Lung  Damage 


_ js _ 

The  iP  ,  1  '2  1/3  )  points  for  selected  values  of  R  for 

s  P  m 
o 

Seen;  r;o  -2  are  included  in  Figure  6-5.  Tabl>»  o-  12  was  obtained  from 
this  figure.  There  will  be  no  luuc  damage  to  humans  from  this  explosion. 


TABLE  o-12.  LLNC  DAMAGE 


Distance 


Chance  of  Survival 

( m  i 

i  ft ; 

threshold  of  lune  damace 

170 

3o0 

qoc; 

100 

330 

°0r; 

100 

330 

50T 

90 

300 

1  O'". 

90 

3  00 

1  : 

Q0 

3  00 

Ea r  Damac e 

The  iP  ,  !  ■  points  for  selected  values  of  R  for  Scenario  •■2  are 
included  in  Figure  t-<-.  Table  to  -  I  3  was  assembled  usir.u  this  licire.  The 
data  c  oulri  net  be  extrapolated  to  find  t  he  distance  for  'Temporary  Threshold 

Shift. 


TABLE  6-  1 3._ 

ear  damage 

Distance 

Decree  of  Dnmacc 

(m) 

(ft) 

threshold  of  eardrum  rupture 

340 

1  100 

50%  eardrum  rupture 

150 

400 

Skull  F ractur  c 

I 

s 

The  iP  ,  1/3)  points  fo.1  selected  v  lues  of  R  for  Scenario  -2 

S  m 

are  includtd  in  Figure  6-7.  Table  6-  14  is  the  result. 

TABLE o-U.  SKULL  FRACTURE 


C lianc e  of  Skull 

F  racture 

(m) 

Distance 

(ft) 

mostly  safe 

390 

.300 

threshold 

360 

O 

o 

f  1 

5  0":. 

34  3 

l  10C 

near  100% 

33  0 

1000 

Body  Translation  an.i  impact 

1 

5 _ 

The  (P  ,  1/3)  points  for  selected  values  of  R  for  Scenario  -Z 

s  m 

are  included  ,n  Ficure  o-8.  In  the  result,  Table  t>-!5,  note  that  r.c  value 
of  P  is  c  i  v  e  n  for  ''near  1  00°'.,  mortality"  because  extrapolation  is  net 
rec  o  mm  ended  . 


->  o 


4 


TAFM-:  6-15.  MORTALITY  FROM  BODY  IMPACT 


Degree  of  Mortality 

(m) 

Distance 

(ft  1 

mostly  safe 

3“0 

13  00 

threshold  of  lethality 

370 

12  00 

5  0  ’’  mortality 

300 

bbO 

There  would  bo  injury  to  people  on  the  ground  due  to  the  blast 

wave. 


e-2.2.5  Fragment  Characteristics 

The  initial  fragment  velocity  distribution  is  obtained  from  Figure 
-4  -  3  0 ;  ^  5  "1,  of  the  fragments  have  an  initial  velocity  less  than  or  equal  to 
1000  m/s  (3300  ft/s). 


The  fragment  mass  distribution  cannot  be  determined  with  the  methods 
that  are  presently  available.  Figures  4-5  1  and  4-32  show  the  mass  dist r 'bu  - 
tion  for  CBM  explosions  with  yields  of  5%  and  1,  1%.  There  is  obviously 
a  strong  dependence  of  mass  distribution  upon  yield,  and  it  is  not  valid  to 
attempt  to  extrapolate  t lie  information  in  these  figures  to  a  yield  of  I  1.  I”!  . 

>>-2.2.6  Effect  of  Fragments  on  Humans 


The  effect  on  humans  of  flying  glass  from  windows  broken  by  blast 
wave?  will  be  considered.  In  Scenario  "1,  it  was  shown  that  for  injury 
f  rim  fly  ing  alas  s  ,  P  -  o,  4  3  x  10  ^  Pa  ■  i .  37  psi)  with  the  blast  wave  striking 
t he  pane  of  glass  hea^-on,  and  F_  -  l.Qo  x  10"^  Pa  12.84  psii  with  ilio  blast 
wave  propagating  tr.  a  direction  parallel  to  the  surface  of  the  glass. 


As  for  other  types  of  damage  m  this  Scenario,  the  reflected  over¬ 
pressure  must  be  used  in  place  of  P  .  Then.  P  -  °.45  x  10^  Pa  for 

'  Cl 

normal  blast  impact  and  P  “l.°o  x  To  Pa  for  blast  impact  parallel  to  tile 
glass  surface.  The  corresponding  values  of  P  are  then  4.  >  4  t  l  < ) ^  Pa 
{0.  i  73  psi )  and  0.  4  5  '/  1 0  Pa  !  1 .  37  psi).  From  Figure  2-14  of  Chap' er  !l. 

Li  .1  flisLaiiic  It  less  than  ‘30  m  |3|uo  III,  there  is  likelihood  of  'mni.in 
i  n  i  ii  i  !,  y  living  glass  from  w  indows  nor  m.i  1  l  <>  l  lie  direction  m  I  r  a\  c  I  >  »I  I  he 
bl  i-i  wave  The  i  or  responding  distance  for  windows  pa  ml  let  i  ••  t  lie  dire.;  ion 
of  ;  ravel  is  4g>'  m  (1400  ft). 


"There  will  be  no  mfirv  bv  flving  glass  t>'  humans  on  the  ground. 


( 

( 


6-2.  3  Scenario  #3.  Fall  Back  of  the  Titan  Ctntaur  Vehicle  During  Launch 

The  scenario  for  this  accident  is  nearly  identical  to  the  firnt,  except 
that  the  launch  vehicle  is  different.  The  Titan  Centaur  is  a  three-stage, 
liquid -fueled  rocket  vehicle  with  a  mass  fraction  of  0.85.  The  first  two 
stages  are  fueled  with  the  hypergolic  propellant  combination  and 

Aerozine  50,  and  the  third  stage  with  LO£  and  LHj  •  The  missile  is 
assumed  to  rise  a  short  distance  when  loss  of  thrust  in  the  first  stage 
allows  it  to  fall  back  on  the  launch  pad.  The  impact  is  assumed  to  he 
sufficiently  violent  that  at  least  the  first  stage  ruptures  and  spills  its  pro¬ 
pellant  on  the  launch  pad .  Impact  velocity  is  14.  0  m/s  (45.9  ft/3).  Table 
6-16  gives  propellant  masses  and  estimates  of  structural  masses  for  each 
stage,  based  on  the  mass  fraction  of  0.  85. 

Several  possible  assumptions  regarding  severity  of  the  fall- back 
accident  can  be  marie.  .V e  will  make  two  such  assumptions,  and  predict 
effects  for  both.  These  assumptions  are: 

( 1 )  Only  the  first  stage  ruptures  and  explodes,  and 

(2)  Both  first  and  second  stages  rupture  and  explode 

For  the  first  assumption,  the  structure  of  the  first  stage  is  assumtd  to  be 
the  only  source  of  fragments,  while  for  the  second  assumption,  th;  structures 
of  both  first  and  second  stages  arc  fragment  sources. 

TABLE  6-16.  PROPELLANTS  AND  STRUCTURES 
AT  LIFT-OFF  OF  TITAN  CENTAUR  ROCKET 


Stage  Propellants  Propellant  Masses  Structure  Masses 

(kg)  (lb  )  ike)  ilb  1 

m  ' _ m 


Titan  First 

N2°4 

75  900 

167, 000 

20  600 

45,300 

Aerozine  50 

40  400 

88, 900 

-- 

T  itan  Second 

N2°4 

1 9  300 

42.900 

5  360 

1 1, 800 

Aerozine  50 

10  900 

24,000 

-- 

-- 

Centaur  (Third) 

r 

O 

rv 

1  1  400 

25, 100 

2  4  10 

5  3  00 

LH, 

2  270 

4990 

b-2^ 


( 

( 


b-2.  3.  I  Yield  -  - - 

The  yield  is  calculated  by  the  methods  in  Chapter  I.  According  to 
Table  1-2  values  for  the  yield  are  obtained  from  Figure  1-1  and  Table 
1-1,  and  the  lower  value  is  used: 


From  Figure  1-1,  for  a  fuel  and  oxidizer  mass  of  116  000  kg 
(255.  000  lb  )  (only  the  first  stage),  or  146  000  kg  (321,  000  lbm)  (first 
and  second  Plages ),  y  =  0.06.  The  multiplier  is  240%.  Y  =  (0.  06)(240%)  = 
14.4%.  From  Table  1  - 1 ,  Y  -  1.5%.  Usingthc  lower  value,  Y  r  1.5%. 

6-2.  3.2  Overpressure  and  Specific  Impulse 


The  overpressure  and  specific  impulse  are  calculated  by  the  methods 
in  Chapter  The  effective  mass  is  calculated  from  Equation  2-9. 

\V  =  W  X  foo"  *  Table  2-1  gives  the  procedure  for  finding  the  overpressure 
and  specific  impulse  as  functions  of  distance: 


W,  =  W 
1  T 


=  ( 1. 16  x  10  kg) 


-  1740  kg  (3820  lb  i 
m 


(only  the  first  stage) 


Wj  +  2  =  (1-46  x  105  kg)  =  2190  kg  (4820  lb^) 

(first  and  second  stages) 

According  to  Table  2-1,  the  overpressure  is  read  from  Figure  2-7,  and 
specific  impulse  is  read  from  Figure  2-S. 

The  following  (Table  6-  17)  is  a  list  of  overpressures  (P  )  and 
specific  impulses  (I  )  from  Figures  2-7  and  2-8.  The  solid  lines  in  the 
figures  were  used. 

6-2.  3. 3  Effect  of  Blast  Waves  on  Structures 

The  methods  described  in  Section  3-1  are  used  to  determine  the 
effects  of  blast  waves  on  structures. 


Glass  Breakage 


In  Scenario  »I,  it  was  found  that  the  minimum  overpressure  to  break 
a  typical  pane  of  glass  facing  the  explosion  is  2420  Pa  i  .  351  psih  For  a 
pane  of  jlass  parallel  to  the  path  of  the  blast  wave,  tne  minimum  overpressure 
requ'  red  to  break  it  is  4840  Pa  (.702  p3i).  F  rorn  Figure  2-7  one  would 

expect  tc  oe  able  to  obtain  the  distance  at  which  mese  overpressures  would 
be  observed  for  Scenario  «*3.  For  P  =  2420  Pa  or  4840  Pa,  a  value  of 


6-30 


I  '  3  !  3 

R/\V  cannot  be  read  from  Figure  2-7,  but  ;t  can  be  seen  that  R  '".V  m.,v 

be  over  oO,  corresponding  to  R  greater  than  720  m  i2400  ft_i  for  onlv  one 

st ace  exploding  and  R  greater  than  7 80  m  ;26o0  ft  i  for  both  tin-  first  arid 

second  stages  exploding. 

Building  Damage 

The  (i  ,  P  I,  points  for  selected  values  of  R  for  Scenario  =3  are 
included  in  Figure  o-3.  Using  the  same  technique  as  in  Scenario  •>  1,  Table 
o-lSwas  assembled. 


TABLE  6-18.  BUILDING  DAMAGE 


Distance 

1st  Stage  1st  and  2na  Stages 


Degree  of  Damage 

(m) 

(ft! 

( m ) 

1ft) 

threshold  of  minor  structural  damage 

380 

1200 

4  lo 

14  00 

threshold  of  major  structural  damage 

140 

4o0 

160 

520 

threshold  of  partial  demolition 

95 

3  10 

100 

330 

Overturning  of  Objects  -  Two  Stages  Exploding 
a  C  ,i 

_  o  d  s  ~ 

The  ( - - — ,  P  )  points  for  selected  values  of  R  are  included 

pH  s 

ro 

in  Figure  o-4.  For  R  less  than  or  equal  to  95  m  (3  10  ft),  a  Saturn  V 
rocket  can  be  expected  to  overturn  as  a  result  of  this  explosion. 

6-2.  3.  4  Effect  of  Blast  Waves  on  Humans 

The  methods  described  ;n  Section  3-2  are  used  to  determine  the 
effects  of  blast  waves  or.  humans. 

L  me  Damage 


1 (P  ,  — ~~i - ~)  ootnts  lor  selected  valves  of  R  lor  Scenario 

s  1/2  1/3 

p  m 

-3  are  included  ir,  Future  o-3.  Table  o  -  1°  was  obtained  from  this  ligurc. 


0 

c 

t  J  TABLE  6- 19.  LUNG  DAMAGE 

Di  stance 


(. ' li.nit  e  . >1  Si i  r  rival 

1st  Stage 
(m)  (ft) 

1st  and 
(mi 

2nd  .'iaers 
(ft  » 

threshold  of  nine  damace 

120 

390 

130 

430 

Q  nn-a 

53 

170 

5  5 

180 

<5  0^; 

46 

150 

52 

170 

5  0°; 

39 

130 

43 

150 

10°i 

35 

i  10 

40 

130 

1% 

32 

100 

36 

120 

Ear  Damage 

The  (P:;'  ^  *  points  for  selected  values  of  R  for  Scenario  ■»  3  are 
included  in  Figure  6-6.  Table  6-2GWas  assembled  using  this  figure.  The 
data  could  not  bo  extrapolated  to  find  the  distance  for  'Temporary  Thresh¬ 
old  Shift". 


TABLE  6-20.  EAR  DAMAGE 


Distance 


Degree  of  Damage 

1st 

(m) 

Stage 

(ft) 

i  st  and 

(m) 

2nd  stages 
ift  i 

threshold  of  eardrum  rupture 

260 

85  0 

280 

°20 

5  O'":  eardrum  rupture 

I  10 

3t  0 

120 

3^0 

Shull  r  racture 
I 

The  (P  ,  points  for  selected  values  of  R  for  Scena-io  =^3  are 

S  i  /  J 

:n 

included  in  Figure  6-7.  Tabic  o  -2  1  is  the  result.  The  curves  in  Figure  c-c 
should  not  be  extrapolated  to  find  the  damage  limits  beyond  "mostly  safe 


c  -  33 


I 

( 

TABLE  6-2  1.  SKULL  FRACTURE 


Distances 

1st  St  ace  1st  and  2nd  Stages 

Chance  of  Skull  Fracture  ,'m)  (ft)  (mi  Uti 


mostly  safe  110  voG  120  3M) 

Body  Translation  and  Impact 

T 

1 

3 

The  (P^,  — TTT^  Poirts  f°r  selected  values  of  R  for  Scenario  are 
m 

included  in  Figure  6-8.  In  the  result,  Table  C-22,  note  that  a  value  of  R 
is  given  only  for  "mostly  safe"  because  extrapolation  is  not  recommended. 


TABLE  6-22.  MORTALITY  FROM  BODY  IMPACT 


Distances 

Degree  of  Mortality 

1st  Stage 

1st  and  2nd  Stages 

(m) 

(ft) 

( m '  ( ft  i 

mostly  safe 

110 

360 

O 

i 

1 

6-2. 3.  5  Fragment  C haractc rist ic s 

The  fragment  mass  and  initial  velocity  distributions  cannot  be  determined 
by  the  methods  in  Chapter  IV  because  the  figures  there  are  not  to  be  used  for 
hyperbolic  propellants. 

The  fragment  range  is  obtained  from  Figure  4-67.  Cl5n'-,  of  the  fragments 

will  strike  the  ground  at  a  distance  less  than  or  equal  to  270  m  (b'M)  ft  i . 

o-2.  3.6  Appurtenances 

As  .in  example  of  an  appurtenance  a  ecmcnl  block  will  be  used  u>  n 
Si  en.  i  i  1 1 1  i  .  I  In-  st  and  -  off  distant  c  is  s  3_j  1 1  (  I  7  0  It  I,  where  i  ’  2.1-  ■  i  ’  I  , 

I’  .mil  1  1140  lJa  •  s.  Then  I  0.  2t>X.  ,il  mg '"l  lie  »  I  *  ,  > 

poi  nl  nil  1  igure  4 -26,  one  finds  that  V  'iTd.  linn  V  n.  ii  m/:-  il.'l  u' -i. 
Thus, this  i  niciit  block  would  be  thrown  at  a  low  velocity. 


e-2.  1.  7  Effect  o:  r  ragmeni  on  Humans 

The  effect  on  humans  of  flying  glass  from  windows  broken by__blast 
waves  will  be  considered.  In  Scenario  #1,  it  was  shown  that  for  injur  from 
flying  glass,  Pg  -  Q. 45  x  10^  Pa  with  the  bias*  wave  striking  the  pane  of 
glass  head-on.  and  Pg  1  1 . 9o  x  10^  Pa  w ith  the  blast  wave  propagai ;  i  n 
a  direction  parallel  to  tlie  surface  of  the  gla3s.  From  Figure  2-7.  at  a  dis¬ 
tance  R  AV  1  / ^  les  s  than  38.  0,  there  is  likelihood  of  human  injury  by  Hying 
glass  from  windows  parallel  to  the  direction  of  travel  of  the  blast  wave. 

The  corresponding  distance  R/W^^  for  windows  normal  to  the  direction 
ot  travel  cannot  be  read  from  the  graph.  The  maximum  distances  from  the 
explosion  for  human  injury  from  flying  glass  are  shown  in  Table  6-23, 

The  damage  and  injury  to  be  expected  in  Scenario  if3  are  summarized 
in  Tables  6-24  and  6-25. 


TARLF  6-23.  MINIMUM  SAFE  DISTANCE  FOR  INJURY 
BY  FLYING  GLASS 


Distanc  e 


Orientation  of  Glass  *o  Direction  of 


1st  Stage 


i st  anc  :r,c  stag es 


Travel  of  Blast  Wave 

(m) 

(ft) 

(mi 

'ft  ■ 

parallel 

460 

1500 

4Q0 

1  o0O 

TABLE  o-24.  SCENARIO  3: 

Damage  to  Structures 

Saturn  V  overturning 
threshold  of  partial  demolition 

thresnold  major  structural  damage 

Q5  of  fragments  will  strike  the  ground 
•vithin  this  distance 

threshold  minor  structural  damage 

threshold  .if  side  n  glass  breakage 


DAMAGE  TO  STRUCTURES 

Distance 


1st 

(m) 

Stage 
"  (ft) 

1st  and 

( m) 

2nd  Stag 
t  ft  t 

Q5 

310 

93 

310 

140 

460 

16  0 

32  0 

270 

890 

270 

» ') 

380 

1200 

4  16 

1400 

>  720 

>  2400 

>  7  SO 

>  2 1  ■ 

i  r-. 


i 


i 


i 


TA2LE  6-25.  SCENARIO  3:  HUMAN  INJURY 


Human  Injury 
survival  (lung  damage) 

\0'rc  survival  (lung  damage) 

5  0»0  survival  (lung  damage) 

90";  survival  (lung  damage) 

09"l  survival  (lung  damage) 

50"-,  eardrum  rupture,  mostly  safe  from 
skull  fracture  and  bodv  impact 

threshold  of  lung  damage 

threshold  of  eardrum  rupture 

threshold  injury  from  flying  glass 
(side  -on) 


Distance 


1st 
(m ) 

Stag  e 
*  (ft) 

1st  and 

■  tr.  i 

2nd  Stages 

1  it  l 

32 

100 

3- 

1 2  9 

35 

1  10 

4  0 

130 

39 

130 

45 

150 

46 

150 

-  -> 

170 

53 

170 

■j  > 

l.vl 

1  10 

360 

!  2  i 

3 

120 

3^0 

130 

430 

260 

85  0 

2  80 

■i20 

460 

1500 

4  on 

i  .on 

6-2.4  Scenario  #4.  Pressure  Burst  of  a  Centaur  Pressurant  Tank 
During  Pneumatic  Strength  Testing  in  a  Shop  Area 

One  of  the  spherical  pressurant  tanks  for  the  Centaur  launch  vehicle 

is  assumed  to  fail  catastrophically  while  it  is  being  proof  tested  in  a  shop 

area-  The  vessel  is  spherical,  made  of  Ti-6  A  I  IV  alloy,  has  a  volume  of 

0.  7  2  06  m  (4.2  6  ft^),  and  fails  at  Hie  design  pressure  of  20.  7  M  Pa  i3000  psii, 

and  at  room  temperat ere  of  26  C  (77  F).  The  vessel  is  being  pressuri/.cd 

with  helium,  with  a  •  of  l.o7,  The  radius  of  the  vessel  is  0.  .>:i7  mil. 

and  the  wall  t  h  ■'•'.uess  is  4.60  mm  (0,0151  ft  i.  The  der.s  it  y  of  the  titanium 

alloc  is  4.  Mg/m^  (279  lb  /  ft  ^ ) .  making  the  mass  <>f  t  he  vessel  24.  3  Im 

(3  3  .  •>  lb  )  . 
m 


0-3- 


1 


n-2.4.  1  Overpressure  and  Specific  Impulse 

Determine  the  starting  point  and  locate  it  on  Figure  2-18.  Use  life 
nearest  i  iirvci  to  find  the  overpressure  vi-rsus  Jistance  beliavmr.  I'si- 
it  i- 1  2  -  2  to  de!  e  r  mini-  the  .specific  i  mpuls  ;•  versus  distance  behave.:-: 


p  j  =  2 . 07  x  1 07  Pa  (g  1  =  2 .  08  x  10  ‘  Pa  (absolute ) 

p  =  1.013  x  103  Pa.  Then  p./p  -  205.3 

'a  l  a 

T,  -  T  -  2 08 ’K.  Then  T./T  =  l.  00. 
la  *  3t 

For  v .  ~  1.667,  from  Figure  2-21,  P  =4.8. 

1  so 


R 

o 


l 


l 


4  *r  / 

^  2.  08  x  107  Pa 

TTY 

>  [ 

cl.  013  x  l03Pa  / 

1.667  -1 

0, 092  0 


In  Figure  2-18  the  point  (R  ,  P  ) 
4th  curve  from  the  bottom.  This  gives  9° 


_lies  nearestjhe 

P  versus  R  . 
s 


R 


Then  r 


1/3 


=  R  (  0.  307  .71 ) 


4  TT 
3 


2  .  08  x  10  Pa 
1.013  x  103  Pa 


-  I 


l.  o67  -  l 


R|3.  33b  i  (r  in  m) 


—  s  a  —  3  — 

p  ■ - —  Then  n  -  p  =  p  P  =  (1.013  x  iu  Pai  P  1  p  in  Pa1 

sp  '  s  a  a  s  ss 


1 


I 


I 


E  = 


^  V 

V 1  ‘ 


(2.08  x  Id'  Pa  -  1.013  x  105  Pa)(0.  120bry3] 

1.66?  -  1 


I  a 


I  = 


2/3„l/3 
Pa  " 


=  3.74  *  10  J 

7'  2/3  1/3 

1  p  E 

“  .  Then  I  =  - - - 


1  ( 1 . 0 1  3  x  10 — Pa_/ - 13.  (.4  3_  _x  10_J) — 1  _  j[  q  1 9  I .  (I  ir.  Pa  •  si 

331  m 

s 


Overpressures  and  specific  impulses  versus  dtstance  are  listed  in  Table  6*26 
and  graphed  in  Figures  6-9  ar.d  6-10. 


4.2 


Effect  of  blast  Waves  on  Structures 


The  methods  described  in  Section  3-1  are  used  to  determine  the 
effects  of  blast  waves  on  structures. 


Glass  Breakage 

In  Scenario  ill,  it  was  found  that  the  minimum  overpressure  to  break  a 
typical  pane  of  ulass  facing  the  explosion  is  2420  Pa.  For  a  pane  cl  >:lass 
parallel  to  the  path  of  the  blast  wave,  (he  minimum  overpressure  required  to 
break  it  is  4840  Pa.  From  Figure  6-9  one  can  obtain  the  distance  at  which 
these  overpressures  would  be  observed  for  Scenario  ''4.  for  P  ~  2420  Pa. 
it  can  be  seen  that  the  distance  R  must  be  28m  (92  ft).  For  P3  =  4M40  Pa, 
the  distance  R  is  1c  m  (52  ft'. 

Building  Damage 

Tiie  (i  ,  P  i  points  for  selected  values  of  R  for  Scenario  :4  ire 
included  in  Figure  o-3.  Using  the  same  techniques  ao  in  Scenario  I,  Table 
6-27  was  assembled.  It  is  unlikely  that  any  building  damage  will  result. 
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TABLE  6-27.  BUILDING  DAMAGE 


Distance 

Decree  of  Damage  (m)  (ft) 


threshold  of  minor  structural  damage  1.3  4.3 

threshold  of  major  structural  damage  0.  6  2 

threshold  of  partial  demolition  0.5  1.6 

6 -2.  4.  3  Effect  of  Blast  Waves  on  Humans 

The  methods  described  in  Section  3-2  are  used  to  determine  the  effects 
of  blast  waves  on  humans. 

Lung  Damage 

1 

■S 

The  (P  ,  1/2  1/3  )  points  for  selected  values  of  R  for  Scenario  =>4 

s  p  m 
o 

are  included  in  Figure  6-5.  Table  6-28  was  obtained  from  this  figure.  The 
"I'  o  survivability  "  limit  cannot  be  determined,  but  it  certainly  lies  within  the 
gas  vessel,  and  therefore  is  of  no  interest. 


TABLE  6-28.  LUNG  DAMAGE 


Distance 


Chance  of  Survival 

(m) 

(ft) 

thres 

hold  of  lung  damage 

1.2 

3.  o 

99''! 

0.  54 

1. 7 

0.  48 

1.6 

o  IK. 

0.  4  1 

l.  4 

1 0" 

0.  35 

1.  1 

Ear  Damage 

The  (P  ,  I  I  points  for 

selected  values  of  R 

for  Scenario 

'.-4  2 


r>  o 


i 


i 


included  in  Figure  6-fa.  Table  6-29  was  assembled  using  this  figure. 
Alt  hough  it  '■  inadvisable  to  extrapolate  (he  curves  in  Figure  6-6,  one 
can  estimate  values  of  It  for  "threshold  of  eardrum  rupture"  and  "50% 
eardrum  rupture". 


T  MU. K  0-29.  EAR  DAMAGE 


Degree  of  Damage 
threshold  of  eardrum  rupture 
50%  eardrum  rupture 
TTS 


Distance 

(m)  (ft) 

4(approx. )  13(approx. ) 

1.6(approx.)  5(approx. ) 

147  480 


Skull  F racture 
I 

1  he  fP  .  — — — )  points  for  selected  values  of  R  for  Scenario  if 4 
s  1/3 

m 

could  not  be  included  in  Figure  6-7.  Because  extrapolation  is  no:  recommend'd, 
little  information  on  safe  stand-off  distances  (with  respect  to  skull  fraef'rat 
can  be  obtained.  It  appears  that  distances  greater  than  about  1  m  ( 3 ft )  will 
be  safe  for  humans  for  this  type  of  injury. 

Body  Translation  and  Impart 

I 

The  iP  ,  - ~rr ;  points  for  selected  values  of  R  for  Scenario  *4 

s  1/3 

m 

could  net  be  included  in  Figure  6-8.  As  above,  it  seems  that  a  safe  distance 
for  humans,  considering  whole  body  translation  and  impact,  is  about  1  m  (3  ft). 

0-2. 4.4  Appurtenances 

This  vessel  burst  occurs  in  a  laboratory.  A  reasonable  object  for  an 
appurtenance  might  be  a  hammer.  This  is  grossly  idealned  as  two  vertical 
cylinders,  one  on  top  of  the  other.  The  tor*  cylinder,  the  head,  has  a  radius 
of  0.01905  m  (0.75  in),  a  length  r* l  0.  1016  m  (4.0  in),  and  a  mass  of  0,918  kg 
(2.0  lb  ).  The  lower  cylinder  (the  handle)  has  a  radius  of  0.01905  m  (0.75  in), 
a  length  of  0.  254  m  ( 10  in),  and  a  mass  of  0.  079  kg  ( 1. 5  lb  ).  The  total 
mass  is  l.faOkg  (3.537  1b  ),  andthecross-sectionalareaTacingthebiast 
wave  A  is  0.0135  (dTl45  ft*" ).  C  =  1.20.  K  =  4. 
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Then.  X  =  0,  and  H  -  0.  01905  m  (0.  06250  ft).  Assume  that  the 
hammer  is  located  0.  t>67  m  (  2.  19  ft)  from  the  center  of  the  vessel.  At 
this  distance.  P  =  2.74  x  10s  Pa  (  39.7  psi),  P  =  2.7,  and  I  =  273 
Pa  •  s  (0.  03Q?  psi  •  s)  s  s 


For  Figure  4-26,  I 

s 


C 


A 

D  s  o 


P  (KH  +  X) 

s 


;l. 20X275)031) 


(2. 74  x  10  )[ 4(0.  01905  )  +■  0  1 


-  5.23.  From  that  graph,  =  20. 


T.  n  v  a  VFoA(KH  2  X)  _  (20)0.013  X  10s  )(0.  0125):  4(0.01905*  j  02  .  „  , 

*  nen  Ma  '  (0.679X330  ' 

o 

(30  ft/s).  A  hammer  can  be  thrown  at  a  high  enough  velocity  to  be  dangerous. 


6-2.  4.  5  Effect  of  Fragments  on  Humans 


The  effect  on  humans  of  flying  glass  from  windows  broken  by  blast 
waves  will  be  considered.  In  Scenario  *1,  it  was  shown  that  for  injurv 
from  flying  glass,  P  =  9.  45  x  103  with  the  blast  wave  striking  the  pane 
of  glass  head-on,  an<f  P  =  1.96  x  10  Pa  with  the  blast  wave  propagating 
in  a  direction  parallel  to  the  surface  of  the  glass.  From  Figure  6-9,  at 
a  distance  R  less  than  9.  8  m  (  32  ft),  theie  is  likelihood  of  human  injury 
bv  flyinc  glass  from  windows  normal  to  the  direction  of  travel  of  the  blast 
wave.  The  corresponding  distance  for  windows  parallel  to  the  direction  of 
travel  is  5.°  m  i  19  ft). 


A  summary  of  damage  and  injury  for  Scenario  “4  is  given  in  Table 

6-30. 


b-2.4.6  Fragment  barrier 

A  metal  sheet  or  plate  can  be  used  as  a  barrier  to  stop  fragments 
from  a  bursting  pressurant  tank.  It  was  found  that  *he  initial  tracm<.\i 
velocity  is  1  1  1  m/s.  Assume  that  the  barrier  is  close  enough  to  the  vessel 
that  the  fragment  velocity  does  not  decrease  significantly  before  the  fragment 
strikes  the  harrier. 

For  ^  barrger,  assume  a  steel  sheet  or  plate  Ic^  :  7S50  kg/m  , 
a  -  3.  1  1  x  103  N/tn*'?.  The  barrier  may  surround  the  vessel,  but  effects 
oV  curvature  and  oblique  impact  will  be  ignored. 
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TABLE  6-30.  SCENARIO  4:  DAMAGE  TO  STRUCTURES 

AND  INJURY 


Distance 


Damage  and  Injury 

(nt) 

(ft) 

1 0c'n  survival  (lung  damage) 

0.  35 

1.  i 

50'r’n  survival  (lung  damage) 

0.  41 

1.4 

90°!i  survival  (lung  damage) 

0.  48 

1.6 

99ro  survival  (lung  damage) 

0.  54 

1.7 

mostly  sate  from  skull  fracture  and  mortality 
due  to  body  impact 

-1 

-3 

threshold  o’"  lung  damage 

1.  2 

3.  9 

S0o'o  eararum  rupture 

-1.6 

-5 

threshold  of  eardrum  rupture 

-4 

-13 

threshold  of  injury  from  flying  glass  (face-on) 

9.8 

32 

threshold  of  injury  from  flying  glass  (side-on) 

3.  9 

19 

threshold  oi  side-on  glass  breakage 

16 

32 

threshold  face-on  glass  breakage 

28 

^2 

temporary  threshold  shift 

147 

480 

6-4? 


The  fragment  mass  is  determined  by  choosing  the  aOth  percentile 

of  distribution  of  fragment  mass  (the  mass  which  would  equal  or  exceed 

the  mass  of  90fc  of  the  fragments).  From  Figure  4-55,  the  fragment  mass 

is  then  6.6  kg  (15  lb  ).  Assume  tnat  the  fragment  is  a  sphere  of  radius  a. 
°  m 


1/3 


1/3 


fe.  6  kg 


4  TT 


1452  0 


IT. 


=  0.  0704  m  (0.  >'  1  ft  i 


P  3  / 

The  nondimensional  limit  velocity  is 


c  V 
°p  50 


(4520  -&j-)(3ll  yj 
m 


Vv: 


(3.  1  1  x  108  ) ( 7 8 5 0  ) 

m  m 


=  0.900 


F  rom  Figure  5-1.  h/atostoo  the  fragment  is  0.23.  Then  1'.  -  0.23. 
a  =  (0.  231(0.  07  04)  =  0.  0 16  m  ^  0.  052  fc  ^  0.  63  in. 

A  steel  plate  of  0.  016  m  (0.  63  in)  thickness  would  stop  50rl  of  the 
fragment. a  with  the  given  initial  velocity.  Before  such  a  barrier  is  used, 
the  blast  loading  should  also  be  determined. 

6-2.5  Scenario  <15.  Rotor  Burst  of  an  Aircraft  Gas  Turbine  Running 

on  a  Test  Stand 

This  problem  is  quite  different  from  the  previous  four.  It  does  not 
involve  accidental  explosions  at  all  and  is  included  to  demonstrate  the  utility 
of  some  of  the  methods  given  in  the  workbook  to  safety  problems  other  titan 
the  primarv  intended  ones. 

The  proble'm  is  as  follows:  Predict  the  maximum  range  and  terminal 
velocity  for  a  fan  blade  fragment  of  a  gas  turbine  engine  assuming  that  the 
blade  failure  occurs  at  its  connection  to  the  rotor  disk. 

For  Case  I,  assume  the  spinning  blade  leaves  through  the*  engine 
inlet  with  a  deflection  that  tips  it  into  the  horizontal  plane  within  an  initial 
trajectory  greater  than  33°,  with  no  loss  of  kinetic  energy.  Although  the 
twist  in  blade  may  not  eont  r  ibut  e  t  o  t  he  as  s  uinpt  ion  of  lift  fori  is.  .is^ur.u  that 
the  blade  is  a  spinning  body  or  deformed  into  a  b.  mine  r  an  g  -  1 1  k  e  simp.  . 

Identify  I  he  ang  le -of -.■'Hack  and  trajectory  angle  for  maximum  fragment  range. 

F  '-  Case  II  -  The  fan  blade  is  deflected  and  deforms  by  curling  -.mo 
a  cylinder  nr  sphere  - 1  ike  shape  upon  leaving  the  inlet  to  tile  gas  eg  ini',  wi’h 


.-i  loss  of  HV'n  of  i hi-  translational  kinetic  energy.  In  this  case,  predict  the 
maximum  possible  ranee  and  terminal  velocity  using  drag  i  oeffic  tents  for 
a  -*vlinder  or  sphere. 


Fragment  characteristics  are  as  follows: 

Geometrical  shape  (see  Fig.  6-11) 

Rotat  anal  kinetic  energy 
Translational  kinetic  energy 
Mass 

Fan  blade  tip  speed 
Fan  speed 
Fan  jet  velocity 
Location  of  fan  blade  center  of 
gravity  (CG)  from  CL  of  engine 

Location  of  fan  blade  CG  from 
fa  i  In  re 


17.400  J 
2  o  0  J 
0.  5  kg 
393  rr./s 
123.  1  R  PS 
2  S  S  m  /  s 

0. 342  m 


0. life  m 


These  types  of  jet  engine  rotor  failures  have  occasionally  occurred  during 
takeoff  and  climb-out.  Some  have  also  occurred  on  3tatic  jet  engine  test 
stands.  Documented  evidence  shows  that  trajectories  have  been  as  much  as 
57°  forward,  relative  to  the  plane  of  iiilure  for  fan  rotors.  Containment 
barriers  cannot  be  provided  at  the  inlit  of  engines  on  static  test  stands 
without  upsetting  inlet  performance  data.  Thus,  it  becomes  important  to 
identify  hazards  to  people  and  risk  of  damage  to  facilities  for  such  failures. 

Case  I  was  run  under  two  sets  of  assumptions.  Since  FRISB  was 
written  for  "disc"  fragments,  it  was  necessary  to  assume  that  the  blade 
curled  into  a  disc  shape.  The  planform  area  of  the  blade  fragment  was  set 
equal  to  the  surface  area  of  a  representational  disc.  The  planform  thickness 
of  the  blade  as  viewed  from  the  front  was  set  equal  to  the  thickness  of  a 
representational  disc.  The  optimal  lift  coefficient  for  a  circular  wing 
,'CL=  0.32}  was  taken,  assuming  gyro  stability  for  the  circular  disc  and  assuming 
a  constant  angle  of  attack.  A  drag  coefficient  of  0.85  was  obtained  from 
tables  relating  drag  coefficient  to  the  thicknes  s -t  o -diameter  ratio  of  a  plate¬ 
shaped  fragment.  ^  The  area  over  which  pressure  ;rag  avled  was  taken  as  the 
thickness  times  the  diameter  of  the  representational  disc.  The  initial  velocity 
of  the  disc  was  assumed  to  be  the  initial  translational  velocity  of  the  fragment. 
The  rotational  velocity  of  the  fragment  only  contributes  to  the  gyro  stability 
of  the  disc.  Results  were  obtained  from  the  spectrum  of  initial  trajectory 
angles  from  30  to  70°  in  five-degree  intervals.  The  results  given  in  Table 
6-3  1  are  for  the  maximum  range  obtained. 

As  a  check  on  the  results  obtained  for  Case  I  under  the  assumptions 
of  the  dice  geometry,  the  trajectory  characteristics  of  the  fragment  were 
determined  under  a  different  set  of  assumptions  relating  to  lift.  For  these 


i,-47 


I 


( 


"thrust  1  assumptions,  the  blade  was  assumed  to  spin  about  an  axis  normal 
to  its  planform  area,  producing  a  thrust  like  a  helicopter  rotor  blade,  and 
thus  lift.  .An  other  sources  of  lift  were  ignored.  The  fragment  was  approxi¬ 
mated  from  drawings  to  have  the  shape  of  a  NACA  4412  air  foil.  The  rota¬ 
tional  kinetic  energy  contributing  to  the  thrust  is  assumed  to  dissipate  as  a 
result  of  pressure  drag  forces  as  a  function  of  the  average  linear  velocity 
of  the  blade  in  rotation.  The  rotation  of  the  blade  contributes  oniv  to  lift. 

The  initial  velocity  of  the  blade  is  the  initial  translational  velocity  as  in  the 
disc  case.  The  drag  resulting  from  the  translational  velocity  of  the  blade 
acts  to  diss'pate  the  trar.olatior.ai  kinetic  energy. 

For  Case  II  in  which  !v>  i.?  considered,  the  fragment  was  assumed 
to  rietorm  into  a  cylindrical  simp.:,  and  a  pressure  drag  coefficient  of  0.85 
was  used  (which  is  approximately  correct  for  cylindrical  fragments  traveling 
at  Mach  numbers  less  than  1/2;.  Trajectory  differential  equations  were 
solved  both  by  the  use  ot  R  unge -Kutta  techniques  and  the  time  interval  pertur¬ 
bation  technique  as  of  Zaker.  Results  were  the  same.  Predictably,  for 
the  no  lift  case  the  maximum  range  is  less  than  for  the  case  where  lift  :s 
assumed.  The  terminal  velocity  is  also  slightly  less.  See  Table  6-3  1. 


TABL£  6-31 


Case  I 


Disc 

Thrust 


Case  II 


No  lift 


27.0  4; 


Table  6-31  and  Figure  6-11  show  the  results  of  predictions  obtained 
for  both  cases  for  the  optimum  initial  trajectory  angle  oq  and  under  various 
assumptions  to  be  described.  The  maximum  range  in  meters  Fm  is  Liven, 
as  well  as  the  terminal  velocity  V  in  meters  per  second,  and  the  terminal 

ballistic  angle  of  attack  in  degrees  .  From  the  table  it  may  be  seen  that 

the  maximum  range  expected  under  any  of  these  sets  of  d'sumpt’.ona  ,s  1  12 
meters  (367  ft  >  and  the  terminal  velocity  is  only  slightly  less  than  the  initial 
translational  velocity  of  30  meters  per  second  ( °8  ft /  sec).  To  put  the  damage- 
potential  of  this  fragment  in  per  s pect  iv e,  a  spherical  fragment  h  iving  the  same- 
mass  with  this  terminal  velocity  could  pen  et  rate  a  0.  o-mm -  thick  (.  7.!.'c  in1 
steel  plate  or  a  l .  6-mm-thick  1  r. )  aluminum  plate. 
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INITIAL  TRAJECTORY  ANGLE,  a.i  degrees  1 


(ft  =  m  X  3.  28]  ) 


Figure  6-11.  Maximum  Range  as  a  Function  of  Initial 
Trajectory  Angle,  Cases  I  and  II,  Turbine 
Rotorblade  Zxarnple 
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CHAPTER  Vll 


DISCUSSION  OF  RESULTS 


Chapters  1  through  VI  in  this  workbook  give  a  number  of  simpli¬ 
fied  prediction  methods  which  hopefully  can  be  used  by  a  typical  safety 
engineer  to  estimate  damaging  effects  for  certain  classes  of  accidental 
explosions  in  aerospace  launch  facilities  and  flight  vehicles.  All  predic¬ 
tion  methods  employ  relatively  simple  graphs  or  equations,  and  require 
at  most  the  use  of  a  desk  calculator  or  slide  rule  to  make  estimates. 
ExampLe  calculations  are  given  in  each  chapter  to  illustrate  use  of  the 
graphs. 

Generally,  the  first  step  in  predicting  the  elfects  of  an  accident 
is  to  estimate  the  total  explosive  yield  or  energy.  ro:  accidents  involv¬ 
ing  the  liquid  propellants  commonly  used  in  rocket  vehicles,  a  number 
of  curves  are  presented  in  Chapter  I  for  prediction  of  explosive  yields 
given  the  propellant  mixture  and  type  of  postulated  accident.  These 
graphs  are  based  primari'y  on  scaled  re/.ults  from  Project  PYRO  'Cats, 
with  upper  limits  estaolished  by  other  related  work.  This  chapter  also 
contains  scaled  graphs  for  estimating  explosive  energy  release  for  gas 
vessel  bursts,  given  the  vessel  characteristics  and  size,  type  of  gas,  and 
in.tial  conditions.  These  graphs  are  based  primarily  on  computer  code 
solutions  rather  than  experimental  data. 


Once  explosive  yields  or  energies  are  estimated  from  Chapter  I, 
they  can  be  used  as  inputs  to  graphs  in  Chapter  II  to  obtain  predictions  of 
blast  wave  characteristics  over  a  range  of  distances  from  the  explosive 
sources.  The  primary  blast  wave  properties  included  in  Chapter  II  are 
side-on  peak  overpressure  Pg  and  side-on  impulse  I3  ,  although  we 
include  discussions  of  other  properties  such  as  reflected  peak  overpres¬ 
sure  Pr  and  time  histories  of  drag  pressure  q.  Again,  blast  data  for 
liquid  propellants  are  based  primarily  on  experiment,  while  data  for 
bursting  gaa  vessels  are  estimated  from  computer  code  solutions  for 
such  waves. 

Chapter  III  is  devoted  to  prediction  of  damaging  effects  of  blast 
waves,  and  is  designed  to  give  such  predictions  once  blast  pressures  and 
impulse?  are  known.  The  chapter  therefore  contains  a  number  of  scaled 
P-I  (pressure-impulse)  curves  which  are  associated  with  various  levels 
of  damage  or  injury  to  a  variety  of  structures,  structural  elements,  and 
people.  From  different  graphs,  one  can  estimate  minor  damage  throui’h 
complete  collapse  of  residences,  threshold  for  glass  breakage,  incipient 
damage  to  beams  or  plates,  and  incipient  toppling  or  overturning  of  a 
vehicle.  Probability  of  injury  or  mortality  of  people  can  be  predicted 
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from  other  scaled  graphs.  Tnese  give  estimates  of  threshold  of  ear 
damage,  various  probabilities  of  mortality  as  functions  ol  size  of  an 
individual  as  well  as  blast  wave  properties,  tertiary  blast  damage  from 
individuals  being  tumbled  by  a  blast  wave,  and  probability  of  injury  from 
flying  glass  from  windows  destroyed  by  blast  waves.  The  prediction 
methods  for  blase  damage  to  structures  are  based  on  bomb  damage  studies 
from  World  War  II.  and  a  variety  of  other  analytic  and  experimental 
sources.  Extensive  work  by  Lovelace  Foundation  over  a  number  of  years 
is  tiie  primary  basis  tor  the  estimates  of  injury  and  mortality  to  people. 

Knowledge  or  estimate  of  some  of  the  general  characteristics  of 
vessels  involved  in  accidental  explosions,  and  explosive  yield  estimates 
from  Chapter  I,  will  allow  one  to  estimate  characteristics  of  fragments 
generated  by  thes  xplosions.  The  first  set  of  graphs  allows  estimation 
of  fragment  initial  velocities.  These,  and  fragment  mass  and  shape 
distributions,  allow  use  of  other -graphs  to  predict  fragment  terminal 
'•elocities  and  impact  conditions.  Finally,  several  curves  give  probabi¬ 
lity  of  fragment  arrival  versus  range.  Most  of  the  predictions  from  this 
cnapte,  ’-e  statistical  functions  because  of  the  inherent  statistical  nature 
of  fragmentation.  The  graphs  for  fragment  initial  velocities  arc  based  on 
exorcise  of  computer  program  developed  under  this  contract  and  a  pre¬ 
vious  one,  suppoited  by  limited  experimental  data.  Graphs  for  mass  and 
shape  distributions  of  fragments  are,  on  the  other  hand,  based  entirely 
or.  fits  of  statistical  functions  to  experimental  "missile  maps". 

Once  fragment  impact  conditions  are  known,  one  ,-hould  then  be 
able  to  estimate  effects  of  such  impacts  on  structures,  facilities  and 
people.  Chapter  V  provides  d’ta  for  making  some  such  predictions. 

These  include  incipient  damage  to  light  structures  or  panels,  and  blunt 
oblec*  -impact  injury  to  people.  Some  data  on  thresholds  of  penetration 
of  light  panels  are  also  given.  This  part  of  the  workbook  is,  because  of 
lack  of  sufficient  experimental  data  or  analyses,  and  in  some  instances 
the  classified  nature  cf  fragment  impact  effects  on  humans,  less  complete 
than  other  chafers.  Some  of  the  graphs  for  impact  damage  are  based 
on  tests  and  analysis  of  what  one  might  think  to  be  an  unrelated  field, 
i.e.  ,  hail  damage  ,o  aircraft  and  ground  structures. 

The  sixth  chapter  includes  a  brief  discussion  of  the  more  complete 
field  ol  risk  assessment,  of  which  damage  estimation  is  a  part.  We 
noint  out  that  a  more  complete  analysis  is  needed  if  one*  is  lo  estimate- 
the  pisr. ability  of  an  accident  occurring,  which  type  of  accident  is  more 
probable  train  another,  ei  Most  of  Chapter  VI  is  devoted  to  ..  series  of 
ill  istra’ions  of  use  of  the  methods  of  Chapters  I  through  V  in  predating 
..■oth  blast  and  fragmentation  effects  for  tiw  accident  "scenarios".  The 
five  postulated  accidents  include  several  which  could  o.  cur  during  launch 
r  flight  of  multi-stage  rockc'  vehicles,  or  during  test  of  components  in 
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a  test  bay  or  laboratory.  Hopefully,  study  of  these  examples  should  lead 
the  reader  through  the  workbook  methods  for  reasonably  complete 
estimates  of  effects  of  certain  accidents,  as  opposed  to  calculation  of 
separate  parts  of  the  effects  given  in  previous  chapters. 

Throughout  the  workbook,  the  "tolerances",  or  possible  errors, 
involved  in  various  calculations  are  indicated.  These  arc  included  in 
various  ways,  such  as  error  bands  about  groups  of  measured  data,  a 
range  of  probabilities  of  mortality  or  fragment  impact,  etc.  A  wide 
error  band  indicates  either  large  inherent  spread  of  data  or  considerable 
uncertainty  in  the  method  of  estimation  because  it  has  not  been  validated 
by  experiment.  Factors  of  safety  are  not  included  as  such,  although  use 
of  upper  bounds  to  loading  parameters  such  as  blast  pressure  and  impulse 
or  impact  velocities  of  fragments  will  assure  conservation. 
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CHAPTER  VIII 


CONCLUSIONS 


Some  conclusions  can  bo  drawn  regarding  the  applications  of  tins 
workbook,  and  limitations  to  its  use.  These  are  discussed  in  this  brief 
chapte  r. 


It  is  possible  using  methods  given  in  the  workbook  to  make  rea¬ 
sonable  estimates  o'  blast  wave  characteristic s  over  a  wide  range  o; 
distances  from  .'he  source  of  the  accident.  These  characteristics  car- 
then  be  used  to  predict  damage  to  structures,  for  a  number  of  types  of 
structures  and  damage  modes,  and  can  also  be  used  to  predict  various 
levels  -  f  injury  '.o  and  probability  of  mortality  of  humar.s.  Confidence  in. 
blast  damage  and  injury  prediction  is  good,  given  knowledge  of  the  blast 
wave  properties,  because  of  extensive  past  testing  and  analysis.  The 
blast  damage  prediction  methods  are  cast  in  a  format  which  allow  their 
use  for  other  types  of  expfosions. 

Prediction  methods  are  giver,  for  estimating  initial  velocities, 
ranges,  masses,  and  impact  conditions  for  fragments  generated  by 
propellant  explosions  and  gas  ve3sci  bursts.  The  methods  for  predicting 
initial  velocities  are  reasonably  well  founded  on  theoretical  analyses  and 
experimental  data,  and  apply  over  a  wide  range  of  simulated  burst  condi¬ 
tions.  Methods  for  predicting  fragment  ranges  and  impact  conditions 
have  a  good  theoretical  basis,  and  can  be  used  for  other  predictions  in¬ 
volving  die  lit  fnrough  the  air  of  high-velocity  objects.  Such  predictions 
can  He  mide  for  objects  launched  over  a  very  wide  range  of  initial  Mach, 
numbers.  Methods  for  predicting  fragment  mass  and  shape  distributions 
are  entirety  based  on  statistical  fits  to  quite  limited  data,  and  therefore 
involve  considerable  uncertainty,  as  well  as  being  impossible  to 
accurately  extrapolate. 

Some  predictions  can  be  made  of  fragment  impact  effects  on 
structures  and  structural  elements  from  graphs  and  equations  given  in  c 
workbook.  These  effects  are  much  less  well-known  than  are  blast  effects, 
so  only  limited  predictions  are  possible.  Some  effects  of  fragment  im¬ 
pact  on  humans  can  also  be  predicted,  but  these  predictions  are  limited 
by  security  restrictions  on  wounding  potential  ot  fragments.  Throughout 
the  workbook,  limitations  such  as  this  are  noted  when  they  are  known. 

This  workbook  is  hopefully  presented  in  a  manner  which  allows 
easy  use  by  typical  safety  engineers.  For  readers  who  arc  interested  :r. 
the  detail  behind  the  relatively  simple  equations  or  graphs  used  to  make 
predictions,  a  number  of  detailed  appendices  are  included  in  appropriate 
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cha£ter£._  We  believe  that  the  workbook  is  the  first  to  provide  safety 
engineers  with  relatively  simple  estimates  of  blast  and  fragment  hazards 
for  accidental  explosions  in  liquid-  propellant  fueled  flight  vehicles. 

As  noted  before,  some  parts  of  the  workbook  have  wider  potential 
application  than  explosive  hazard  prediction  for  liquid-fueled  rockets. 
The  sections  on  fragment  trajectory  prediction,  or  the  associated  com¬ 
puter  programs,  can  be  used  to  predict  ranges  and  impact  conditions  for 
many  types  of  fragments  or  objects  thrown  into  the  air.  The  sections  on 
blast  effects  apply  for  blast  loads  from  any  source.  The  methods  for 
estimating  fragment  impact  damage,  though  limited,  are  independent  of 
the  sources  of  these  fragments  or  impacting  objects. 
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CHAPTER  IX 


RECOMMENDATIONS 


This  workbook  will  allc.v  prediction  of  blast  and  fragmentation 
effects  for  a  wide  variety  explosive  accidents  which  could  occur  at 
aerospace  launch  anH  test  facilities.  It  is  based  on  a  rather  exhaustive 
review  of  CAisung  test  and  accident  data;  analyses  of  blast  and  shock 
wave  physics  and  e'fects  oi  such  waves  on  objects  and  humans;  and 
analyses  of  fragment  veioci'ies,  trajectories,  impact  conditions,  and 
effects  of  impacts.  A  number  of  supporting  studies  have  been  made  in 
generating  relatively  simple  application  formulas  or  graphs  -  these  are 
reported  in  appropriate  appendices. 

The  bases  for  the  prediction  methods  given  in  this  workoook 
range  from  a  firm  foundation  of  extensive  testing  and  analysis,  through 
analyses  supported  by  limited  testing  or  accident  reporting,  to  some 
predictions  which  are  quite  speculative  because  of  little  or  no  corroborat¬ 
ing  evidence.  Predictions  in  the  latter  case  could  often  be  improved  by 
additional  research.  Also,  some  of  the  methods  which  have  been  devel¬ 
oped  here  have  potentially  wide  application  to  problems  in  hazards 
prediction  other  than  explosive  effects  for  flight-weight  aerospace 
vehicles.  We  therefore  give  in  this  short  chapter  a  list  of  recommenda- 
Hoi'.s  for  areas  in  which  we  feel  there  is  a  need  for  additional  testinc, 
analysis,  or  cori  elation  of  prediction  methods. 

Seme  of  these  areas  are: 

(1)  Definition  of  fragmentation  characteristics  for  bursting  gas 
storage  bottles.  Existing  data  consist  of  only  five  tests 
for  two  bottle  geometries,  one  material,  and  one  gas. 

There  are  no  reliable  "missile  maps"  for  such  bursts. 
Curves  for  fragment  range  presented  in  the  workbook  are 
based  on  computer-generated  predictions,  'which  should  be 
validated  by  test. 

(Z)  Definition  of  blast  wave  characteristics  for  burst  of  cylin¬ 
drical  gas  storage  vessels,  either  analytically  or  experi¬ 
mentally.  Present  methods  are  limited  to  essentially 
spherically  symmetric  cases. 

The  analysis  in  this  workbook  is  based  upon  data  generated 
by  a  computer  program.  It  has  been  confirmed  to  some 
extent  by  experimental  data,  but  more  experiments  arc 
needed.  More  work  must  be  done  to  determine  specific 
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impulse  versus  distance  for  gas  vessel  bursts.  Then,  a 
.. _ good  nomograph  should  be  developed. 

The  effects  of  charging  the  vessel  shape  from  spherical  to 
cylindrical  should  be  investigated,  both  theoretically  and 
experimentally. 

In  this  analysis  of  the  blast  wave,  the  energy  required  to 
burst  a  pressure  vessel  and  accelerate  the  fragments  was 
neglected.  Analytical  and  experimental  studies  would 
allow  this  effect  to  be  included  in  the  calculation  of  the 
blast  wave  parameters. 

(3)  This  workbook  d^als  with  very  particular  types  of  frag¬ 
ments  and  targets.  The  analysis  should  be  extended  to 
include  shapes  of  fragments  other  than  spherical  and 
targets  other  than  meta!  sheets  and  plates. 

Targets  that  might  be  studied  include  wood,  concrete, 
brick  and  glass.  Also,  it  may  not  be  desirable  to  treat 
the  side  of  a  fuel  tank  as  an  unsupported  metal  sheet  or 
plate.  There  is  probably  some  effect  of  the  liquid,  and 
one  is  concerned  with  the  possibility  of  a  fragment  igniting 
a  fuel  tank,  in  addition  to  only  puncturing  it. 

Oblique  impacts  by  fragments  deserve  more  study,  and  the 
effects  of  the  strength  of  fragments  is  presently  unknown. 

A  model- scale  experimental  program  is  recommended  to 
fill  this  void. 

(4)  We  recommend  extension  of  the  present  work  to  accidental 
explosions  in  thick-walled  storage  vessels  typical  of  ground 
transport  and  storage  vessels.  The  current  work  is 
directed  toward  explosions  of  flight -weight  hardware. 

Blast  and  fragmentation  characteristics  can  be  drastically 
different  for  heavier  vessels,  ar.d  consequently,  so  can  the 
effects  on  structures,  facilities,  vehicles  and  humans. 
Included  in  this  work  should  be  cxcr-ise  of  the  SPHER  ind 
CYLIN  codes  for  typical  initial  conditions  for  massive 
vessels. 

(5)  Tin-  analyses  used  lo  develop  scaled  curves  for  fragment 
range  and  impact  conditions,  for  both  lifting  and  drag-type 
fragments,  have  potentially  wider  application  than  genera¬ 
tion  of  some  of  the  scaled  curves  of  Chapter  iV.  We 
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recommend  that  those  programs  be  used  to  develop  more 
norrvog sauhs  which  include  other  parameters  such  as 
tnitial  altitude  of  an  explosion,  flight  velocity  as  a  function 
of  this  altitude,  and  additional  mass  to  area  ratios  typical 
of  ground  storage  vessels.  We  also  recommend  that  the 
programs  be  used  for  other  types  of  accidents  involving 
high-velocity  missiles  or  fragments  such  as  the  pieces 
from  a  turbine  rotor  burst  postulated  in  the  fifth  applica¬ 
tion  problem  in  Chapter  VI. 

(6)  The  existing  codes  for  predicting  initial  fragment  velocities 
are  limited  to  one  space  dimension  and  time  (l-D  codes). 

We  recommend  the  development  of  a  limited  2-D  code  for 
cylinder  fragmentation,  based  on  a  combination  of  the 
assumptions  inherent  in  the  FRAG-2  and  CYLIN  codes  used 
in  this  workbook.  Such  a  code  should  more  accurately 
predict  initial  fragment  velocities  for  real  vessels,  but 
would  certainly  be  more  complex  and  more  expensive  to 
run  than  either  of  the  existing  codes. 

(7)  As  a  pari  of  studies  of  accidental  explosions  of  thick-walicd 
vessels,  we  recommend  a  literature  search  for  tests  or 
accident  cases,  where  data  on  projection  of  large  parts  of 
tanks  could  be  compared  with  predictions  from  FRAG-2, 
which  assumes  that  a  tank  separates  into  two  pieces  which 
arc  propelled  by  the  exhausting  Quids.  Rail  tank  car 
accident  reports,  and  burst  tests  of  tank  cars  conducted  at 
White  Sands  Missile  Range,  would  perhaps  be  appropriate 
sources  of  such  data. 

(8)  Wc  recommend  using  the  programs  for  predic‘ion  of  irae- 
ment  ballistics  to  generate  tables  for  range  and  terminal 
impact  conditions,  such  as  was  done  in  a  limited  sense 
for  fragments  from  bursting  gas  spheres  in  Chapter  IV, 
These  predictions  weald  supplement,  or  could  conceivably 
supplant,  missile  map  data  lor  this  class  of  explosion. 

The  specific  recommendations  listed  before  can  be  supplemented 
by  a  last  general  recommendation.  This  workbook  contains,  we  believe, 
the  most  accurate  assessments  which  can  be  made  based  on  the  current 
state  of  the  art.  In  almost  all  areas  covered,  either  ongoing  or  future 
studies  may  well  alter  the  prediction  methods,  or  the  results  of  applying 
the  prediction  methods.  The  workbook  is  so  organized  that  alterations  or 
modifications  can  be  made  to  individual  chapters,  without  a  complete 
revision  of  the  entire  book.  It  is  strongly  recommended  that  revision,  oe 
considered  on  some  regular  schedule,  say  at  two-year  intervals. 


1ST  OF  SYMBOLS 


A,B,C,D  -  terms  in  equations  for  bursting  ve»s:’  motion 
A  -  presented  target  area 

area  of  an  object  presented  to  the  blast  front 
planform  or  top  surface  area  of  fragment 
cross-sectional  area  of  a  fragment  along  its  trajectory 
mean  presented  area  of  object 
AD  -  average  drag  area 

AL  -  average  planform  area 

A(  -  fragment  area 

A1  -  geometric  mean  frontal  area  of  giass  fragment 

a  -  radius  of  a  fragment 

airfoil  curve  slope 

a ...  -  critical  sound  speed  in  mass  flow  equation 

a  -  ambient  sound  velocity 

o 

a  -  sound  speed  in  confined  gas,  T  =  0 

b  -  vehicle  track  width  or  depth  of  target  base 

number  of  rotor  blades 
-  drag  coefficient 

C  •  -  li  ft  coefftc  ient 

Cj  -  cylinder  length 

C  -  cylinder  thickness 


Cf-1 


mass  of  gas  confined  at  high  pressure  as  a  function  of  time 
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LIST  or  SYMBOLS  (Cont'd) 

profile  drag 
diameter  of  fragment 
width  of  fragment  segment 
modulus  of  elasticity 
effective  blast  energy 
bulk  modulus 
end  cap  length 
end  cap  thickness 
stored  energy  ratio 
fragment  projected  area 

nondimensionalized  displaceme nt  of  a  fragment 
acceleration  of  gravity 

minimum  transverse  dimension  at  location  of  largest 
presented  area  of  object 

thickness  of  a  target,  glass,  or  plate 

sphere  wall  thickness 

segment  height 

mass  moment  of  inertia  ot  rotor 
nondimensional  specific  impulse 
total  drag  and  diffraction  impulse 
incident  specific  impulse 
nondimensional  incident  specific  impulse 
initial  trajectory  angle  of  the  fragment 
side-on  impulse 


c 
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LIST  or  SYMBOLS  (Cont'd) 


i  -  threshold  impulse 

K  -  adiabatic  exponent  (ratio  of  specific  heats) 

constant  (4  if  appurtenance  is  on  the  ground  and  2  if 
appurtenance  is  in  air) 

value  from,  the  normal  distribution  table 

k  -  mass  flow  rate  coefficient 

L  -  cylinder  length 

L/D  •  length-to-diameter  ratio 

M  -  mass  of  fragment;  of  contained  gas 

M  -  average  mass 

M  -  fragment  mass 

M  -  cylindrical  shell  mass 

t 

m  -  total  mass  of  target;  of  fragment 

n  -  number  of  fragments 

P  -  pressure  ol  confined  gas 

crack  perimeter  about  a  fragment 

P  -  nondimens ional  pressure 

P  -  peak  overpressure 

e 

P  -  pressure  of  confined  gas  at  any  instant 

o 

P  -  initial  pressure  of  confined  cas 

oo  b 

P^  -  threshold  applied  maximum  reflected  pressure 

reflected  peak  overpressure 
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LIST  OF  SYMBOLS  (Cont'd)  1 

p 

r 

- 

peak  reflected  pressure 

P 

5 

- 

peak  side-on  overpressure 

P. 

- 

nondimensional  pressure 

r> 

‘  o 

- 

ambient  air  pressure 

P(t) 

- 

net  transverse  pressure 

Q 

peak  dynamic  pressure 

peak  dynamic  overpressure 

R 

gas  constant 

sphere  radius  before  burst 

• 

radius  of  rotor 

initial  cylinder  radius 

r 

distance  from  center  of  a  vessel 

cylinder  radius 

- 

disc  radius 

- 

fragment  displacement  at  any  instant 

SE 

- 

strain  energy  stored  in  vessel 

s 

- 

estimate  for  the  standard  deviation 

s 

- 

segment  length 

T 

- 

duration  of  the  positive  phase  of  the  blast  wave 

- 

temperatu  re 

T 

o 

- 

temperature  of  confined  gas  at  any  instant 
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DO 
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LIST  OF  SYMBOLS  (Corn'd) 

temperature 

thickness  of  fragment;  disc;  window  pane 

time  of  arrival 

shell  thic  knes  s 

shock  velocity 

peak  particle  velocity 

velocity  of  fragment 

volume 

nondimensional  velocity 
i n it  ial  velocity  ratio 

rotor  blade  velocity  alone  rotational  axis 

volume  of  the  vessel  betore  it  bursts 

initial  fragment  velocity 

induced  velocity  from  thrust 

volume  of  confined  gas  at  any  instant 

volume  of  shell  material 

tip  velocity  of  rotor 

ballistic  limit  velocity 

effective  mass  of  propellant 

in  ear.  mass 

total  mass  of  propellant  and  oxidizer 


c  rac  k  width 


X 


X 

X 

x 


Y 


Y 


Y 

v 
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u  t 
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LIST  OF  SYMBOLS  (Cont'd) 

displacement  of  an  object 

distance  from  the  front  of  object  to  location  of  largest 
c  ro:i  s  -  sectional  area 

the  distance  from  the  front  of  the  object  to  the  plane 
facing  the  approaching  blast  wave 

horizontal  velocity 

horizontal  acceleration 

short  halfspan 

n^ndimensionalizing  constant  for  displacement 

terminal  blast  yield 

vertical  velocity 

vertical  acceleration 

edge  length 

long  half  span 

nondimensional  constant 
initial  trajectory  angle 
nondimensional  constant 

permanent  deflection  of  target  at  poi.:t  of  impact 
time  increment 

non  Jiroens  lonahzing  constant  for  time 
angle  of  attack  of  disc 


angle  subtended  at  the  center  of  the  cylinder  by  a 
fragment  *  ■  < > 
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LIST  OF  SYMBOLS  (Cont'd) 

ratio  of  specific  heals  fur  confined  gas 

ratio  of  specific  heats  for  confined  gas 

Poisson's  ratio  for  the  m.erial 

nondimens  ionalized  time 

density  of  glass,  air 

confined  gas  density  at  any  instant 

density  of  a.  fragment  (or  projectile) 

density  of  fragment 

density  of  shell  material 

peak  density  ;n  shock  wave 

density  of  target 

critical  density  of  gas  in  mass  flow  equation 

yield  stress  of  target  material 

yield  stress  of  glass;  plate 

stress  in  container  wall 

time 

impulse  shape  factors 
pressure  shape  factors 


angular  velocity 


CONVERSION  FACTORS 


The  following  table  provides  multiplying  factors  for  converting 
numbers  and  miscellaneous  units  to  corresponding  new  numbers  and  SI 
units. 


The  first  two  digits-  of  each  numerical  entry  represent  a  power  of 
10.  An  asterisk  follows  each  number  which  expresses  an  exac.  definition. 
For  example,  the  entry  "  —  02  2.54*"  expresses  the  fact  that  1  inch  = 

2.54  x  10*^  meter,  exactly,  by  definition.  Mout  of  the  definitions  are 
extracted  from  National  Bureau  of  Standards  documents.  Numbers  not 
followed  by  an  asterisk  are  only  approximate  representations  of  definition 
or  are  the  results  of  physical  measurements. 


To  convert  from 

to 

multiply  by 

atmosphere 

newton/meter^ 

+05  1.013  25* 

ba  i 

newton/mete 

+  05  1,00* 

British  thermal  unit  ;mean) 

joule 

+03  1.055  8? 

calorie  ( mean) 

joule 

+00  4.  190  02 

dyne 

newton 

-05  l.  00* 

joule 

—  07  l.  00* 

Fahrenheit  (temperature) 

Cels  ius 

tc=(3/9)(tF-32) 

foot 

meter 

—  01  3.  048* 

inch 

meter 

-  0 2  2.  54* 

lbf (pound  force,  avoirdupois) 
lbm  (pound  mass,  avoirdupois) 

newion 
kilog  ram 

+  00  4. 44d  221  651  260 
-O’.  4.  535  923  7* 

pascal 

newton  /mete 

+  00  1.00* 

pound  lorce  ( lbf  avoirdupois) 
pound  mass  (lb^  avcirdupois) 

newton 
kilog  ram 

+  00  4.  448  221  6  1  5  2u0 
-Oi  4.  535  923  7 

poundal 

newton 

-01  1. 382  549  543  76; 

s  lup 

kilog  rani 

+  01  1.  459  390  29 

o  c  onve  rt  from 


to 


multiply  by 


loot/ ^econd^ 

meter/se<-  ond^ 

-01  3.  048* 

•rich /second^ 

meter /second^ 

-02  2.  54* 

^  *‘.m/ceruimeter3 

kilogram/meter3 

+03  1.00* 

lbm  /  inch3 
lb  /foot-* 
slug /loot 

kilog  ram/m«tef| 
k  ilog  ram /mete  r  ^ 
kilog  ram  /mete  r3 

+  04  2.  767  990  5 
+  01  1. 601  846  3 
+02  5.  153  79 

lb(  /'ioot^ 
lbf  /  inch2(psi) 

newton/mete  r~ 
r.e  wton/meter^ 

x0l  4.  788  025  b 
-03  6. 394  “57  2 

foot/second 

inch/aecond 

meter/second 

meter/socond 

-01  3.  048* 

-02  2.  54 

foot3 

mete  r  3 

•—02  2 .  3  3  i  f;  ?4  ’) 

inch3 

meter3 

-05  1.63  5  706  4 
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GLOSSARY  OF  TERMS 


Air-embolic  insult  -  air  bubbles  circulating  j:i  the  blood  which  can 
contribute  to  me  .ollapse  of  the  heart. 

Annie  o.  attack  -  angle  between  fragment  horizontal  axis  and  the 
relative  wind  vector. 

Applied  impulse  -  actual  impulsive  loading  applied  to  a  "target''. 

Appurtenance  -  piece  cf  equipment  or  an  object  located  near  a  source 
of  an  explosion,  which  can  be  accelerated  by  the  blast  wave  from 
the  explosion. 

Blast  yield  -  energy  release  in  an  ex-plosion  inferred  from  measurements 
of  the  characteristics  of  blast  waves  generated  by  the  explosion. 

Blunt  trauma  -  injury  caused  by  a  nonpenetrating  object. 

Burst  pleasure  -  the  pressure  at  which  a  gas  storage  vessel  bursts  or 
fails, 

CBGS  -  Confined  by  Ground  Surface.  This  abbreviation  designates  a 
liquid  propellant  explosion  occurring  on  the  ground  after  spill  and 
mixing. 

CBM  -  Confined  by  Missile,  This  abbreviation  designates  an  explosion 
within  the  tankage  of  a  liquid  propellant  vessel  or  rocket. 

Critical  threshold  impulse  -  blast  wave  impulse  which  determines  the 
impulse  asymptote  for  an  isodamage  contour. 

Drag  coefficient  -  ratio  or  drag  force  to  dynamic  force  exerted  by 
wind  pressure  on  a  reference  area. 

Edema  -  abnormal  accumulation  of  ilmJ  in  connective  tissues  causing 
local  swelling. 

Energy  of  detonation  -  the  energy  in  an  explosion  which  drives  a  blast 
wave. 

Event  tree  -  a  method  employed  in  risk  assessment  for  systematic 
estimation  of  consequences  of  an  accident. 
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Explos  ive  yield  -  energy  released  in  an  explosion,  often  expressed  as 
^  a  percent  or  fraction  of  energy  which  would  be  released  by  the 

same  mass  of  a  standard  high  explosive  such  as  TNT.  ’ 

FMECA  -  abbreviation  for  Failure  Mode  F.ffects  and  Criticality  Analysis 
A  sysumatic  procedure  tor  identifying  failure  modes  of  a  system 
and  for  evaluating  consequences  of  failures. 

Full-back  -  an  accident  in  which  a  launch  vehicle  settles  or  falls  back 
to  c.-.rth  in  initial  stages  of  launch. 

Fault  tree  -  a  method  employed  in  risk  assessment  for  determimnc 
probabilities  for  event  trees  (see  event  tree). 

r.broilc  >  -  fir. a  acars  of  the  lungs. 

Frce-iield  impulse  -  see  side-on  impulse. 

Free-field  pressure  -  see  side-on  oveipressure. 

HV1  -  High  Velocity  impact.  This  abbreviation  designates  a  liquid 
p  ropellanl  explosion  occurring  after  a  vehicle  with  unhurried 
propeiJar.c  impacts  the  earth  at  relat.vely  high  velocity. 

Ignition  time  -  time  after  begmt-ng  of  an  accident  involving  lio_uid 
propellants  at  which  initiate*!  of  an  ejrplosior.  occurs. 

Induced  v-locity  -  velocity  along  rotor  axis,  induced  by  thrust  generated 
by  the  whirling  blade. 

Imt-al  trajectory  angle  -  angle  of  fragment's  horizontal  axis  relative 
to  the  ground  urface  at  the  beginning  o.r  the  flight, 

Isodamage  line  -  Loc;  of  comtunH.su  of  overpressure  and  impulse 
which  produce  the  same  level  ui  blast  damage  >  a.  given  1  irect". 

Lift  coefficient  -  ratio  of  l'ft  force  to  dynamic  to*-'  t  s-.\<  rtcci  L  w;..-1 
pressure  on  a  reference  area. 

Limit  velocity  (Vjq)  -  impact  velocity,  for  a  l ;  agn-.r  nt  or  n.us  ic 
striking  a  target,  at  wb.ch  50r  perfv  *t.of.-_  •>«<  >11 

Major  structural  damai  e  -  damage  •■■o  a  icsidm  v  .'  voL  no;  part  al 

or  total  collapse  of  roof,  part.ul  demolit  -  o'  m.e  «r  uv  cMi  uul 
walls,  or  severe  diimim'  to  1.  ..id  -  bea  r  on  partitions  r«-q:;irm_ 
rf-nlacement. 


Minor  structural  damage  -  damage  to  a  residence  involving  window 
breakage  and  wall  and  support  cracking. 

Overpressure  -  pressure  in  a  blast  wave  above  atmospheric  pressure. 

Partial  demolition  -  damage  to  a  residence  in  which  50%  to  7o%  of  the 
external  brick  work  is  destroyed,  or  the  building  is  rendered  so 
unsafe  that  it  must  be  demolished. 

Planform  area  -  the  area  viewed  by  looking  down  on  the  fragment 
top  surface  area. 

pla’-e  aspect  ratio  -  ratio  of  length  to  width  for  a  rectangular  plate. 

Projected  area  -  area  of  fragment  viewed  perpendicular  to  the  top 
surface  area. 

Pulmonary  hemorrhage  -  internal  bleeding  occurring  in  the  lungs. 

Reflected  impulse  -  integral  of  reflected  pressure -time  history. 

Relative  wind  vector  -  vector  along  which  the  fragment  flies. 

Side-on  impulse  -  integral  of  time  history  of  side-on  overpressure. 

Side  -on  overpressure  -  blast  wa"e  overpressure  in  an  undisturbed 
blast  wave. 

Standoff  distance  -  distance  from  center  of  an  explosion. 

Temporary  threshold  shift  -  the  case  where  90  percent  of  those 

exposed  to  a  biast  wave  advancing  at  normal  angle  of  incidence  to 
the  earth  are  not  likely  to  suffer  an  excessive  degree  of  hearing 
loss. 

Terminal  yield  -  blast  yield  from  measurements  made  far  enouga  from 
an  explosion  that  the  waves  are  similar  to  those  generated  by  a 
specified  mass  of  TNT. 

Threshold  bending  impulse  -  blast  wave  impulse  which  produces  an 
incipient  bending  failure. 

Threshold  membrane  impulse  -  blast  wave  impulse  which  produces  an 
incipient  stretching  failure. 
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